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Malaria is caused in man and other vertebrates 
by protozoan parasites of the genus Plasmodium and trans-
mitted by the bite of infected mosquitoes. The malarial 
parpasite requires two hosts; a blood sucking mosquitoe, 
and a blood containing vertebrate. The development of 
the parasite in vertebrate host commences with invasion 
of parenchymal cells of the mammalian liver or the endo-
thelial cells of the bird by the sporozoite released into 
the blood stream, by an infected mosquito- These sporo-
zoites develop and differentiate into merozoite (exo-
erythrocytic schizogony), which are then released into 
the blood stream. These merozoites invade virgin red 
cells and undergo intracellular development through three, 
stages viz. ring, trophozoite and zchizont. The released 
merozoites reinvade fresh virgin red cells and the cycle 
continues. 
To facilitate its entry and subsequent growth, 
the malarial parasite produces distinct structural and 
functional changes in the host erythrocyte membrane. A 
knowledge of these parasite-induced changes at the molecu-
lar level is essential to our basic understanding of the 
host-parasite relationship. The main objective of the 
present study was therefore to analyse the malarial para-
site-induced structural changes in major peripheral and 
integral membrane proteins (viz. spectrin and band 3 pro-
tein) of the host erythrocyte. For this purpose, synchro-
nous infections of P. knowlesi were maintained in rhesus 
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monkeys. The parasitized erythrocytes were isolated from 
the infected blood using the standard procedures. 
The mature mammalian erythrocyte membrane is com-
posed of two major structural units, the membrane bilayer 
and the underlying meshwork of peripheral membrane pro-
teins, called membrane-associated cytoskeleton or membrane 
skeleton. The membrane bilayer is analogous to the fluid 
mosaic model of Singer and Nicolson and is formed from 
the lipid bilayer and integral membrane proteins. The 
lipid bilayer contains phospholipids and cholesterol as 
the major lipid constituents. 
Anion channel protein (band 3) and glycophorin 
are the two major integral proteins in the erythrocyte 
membrane. The band 3 protein has a molecular weight of 
about 95 kDa, and is involved in anion transport. The 
protein comprises of an intracellular N—terminal domain 
of about 40 kDa. The anion transport activity is however 
associated with the C-terminal part of the molecule. 
The second major class of erythrocyte membrane integral 
proteins includes the sialic acid-rich proteins, called 
glycophorins. These proteins can be visualized on SDS-poly-
acrylamide gel electrophoretograms only after Periodic 
acid Schiff's staining. There are atleast three types 
of glycophorins (viz. A, B, C or D) . Amongst these, glyco-
phorin A is the major sialoglycoprotein in erythrocyte 
membrane of a molecular weight of about 30-52 kDa. 
The erythrocyte membrane skeleton is formed from 
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three major proteins viz. bands 1 S. 2 (spectrin), band 
5 (actin) and band 4.1 protein and several minor proteins. 
Amongst these, spectrin alone accounts for about 7510£ 
the total protein mass. This protein is known to con-
sist of two identical subunits of molecular weight of 
about 2 40 and 22 0 kDa, and exist ^n vivo as linear tetra-
mers and branched higher order oligomers. The skeleton 
network is formed by attachment of spectrin tetramers 
at their end to multiple junction points consisting of 
short actin filaments each containing of 2 0-30 actin mono-
mers. Participation of the band 4.1 polypeptide strength-
ens the binding of spectrin to F-actin. 
The membrane skeleton is associated with membrane 
bilayer primarily through band 2.1 and 4.1 proteins. Band 
2.1 is comprised of two structural domains, one having 
high affinity binding site on spectrin molecule and the 
other containing the binding site for the cytoplasmic 
part of the anion channel protein. Band 4.1, on one hand, 
is linked to the spectrin actin complex and on the other, 
to the cytoplasmic fragment of glycophorin. 
Membrane protein composition in P. knowlesi-infe-
cted erythrocyte was determined using Sodium-dodecylsulpha-
te (SDS) polyacrylamide gel electrophoresis. No signif-
icant change in the spectrin/band 3 ratio was observed 
in the infected erythrocyte at any stage of the parasite 
development. However, some new protein bands were observed 
in electrophoretograms of host cell membranes isolated 
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from infected erythrocyte. Earlier studies have speculated 
that these new polypeptides could represent the breakdown 
products of spectrin. However, no homology could be esta-
blished in the present work between the spectrin and these 
polypeptides using a variety of techniques, like SDS-poly-
acrylamide gel electrophoresis, crossed-immunoelectropho-
resis, and immunoblotting. 
Spectrin organization was analysed in £. knowlesi-
infected monkey erythrocytes by measuring the tetramer-to-
dimer ratio in these cells as well as the tryptophan fluor-
escence in presence and absence of a water-soluble trypto-
phan quencher. The spectrin dimer-rtetramer ratio was 
determined by native gel electrophoresis and gel permeation 
chromatography. The results of these studies revealed 
no change in the spectrin tetramer-dimer ratio after infect-
ing the cells with ^. knowlesi • Also no change could 
be detected in the gross structural folding of spectrin, 
as the tryptophan fluorescence quenching pattern of the 
normal erythrocyte spectrin was similar to that observed 
with the infected erythrocyte spectrin. Besides this, 
the membrane bilayer-skeleton interactions seemed to remain 
unaffected in the host erythrocytes by the malarial infect-
ion, as no differences were observed between the extents 
of membrane skeleton extractability from the membranes 
of normal and infected erythrocytes. 
This study shows that the major membrane skeletal 
protein spectrin, is not altered in the infected red cells. 
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It may thus be speculated that the parasite employs some 
other mechanism than the spectrin degradation to fascilitate 
its entry and subsequent growth and development inside 
the red cells. Further, it appears that the intracellular 
parasite perhaps requires an intact cytoskeleton for its 
normal development and also to avoid the red cell destruct-
ion by the spleen. 
Numerous investigators have shown that red cell 
membrane glycoproteins are degraded and structurally modi-
fied in the £. knowlesi-infected erythrocytes. But these 
studies are a bit ambiguous and confusing as no precautions 
were exercised to avoid red cell membrane proteolysis 
during membrane preparation. The present study was there-
fore undertaken to examine the validity of these published 
results under very carefully controlled experimental condi-
tions. Unlike the earlier studies, no change was observed 
in any of the PAS-staining proteins of the host erythrocyte 
membrane during trophozoite or schizont stage of the infect-
ion. Also no structural change was detected in band 3 
protein by SDS-PAGE and cross-immunoelectrophoresis. 
The new protein bands seen in the electrophoretograms 
of the membranes of infected erythrocyte could thus be 
of parasite origin rather than the degradation products 
of the host erythrocyte membrane proteins. 
To further analyse the band 3 structure and organi-
zation, purified band 3 was subjected to native gel electro-
phoresis using the nonionic detergent, Triton X-100. Results 
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indicate that the host erythrocyte band 3 protein exists 
mainly in oligomeric, tetrameric and dimeric forms and 
no change is seen in the ratio of these forms after infect-
ing the cells with P. knowlesi. The sialic acid and sugar 
content of this protein is also not significantly altered 
after the infection. Besides, this work also establishes 
that monkey band 3 protein is significantly different 
than the human band 3 protein in terms of both amino acid 
composition and organization. 
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C H A P T E R I 
REVIEW OF LITERATURE 
GENERAL INTRODUCTION TO MEMBRANE STRUCTURE 
INTRODUCTION; 
Biological membranes are organized assemblies con-
sisting mainly of proteins and lipids. These membranes 
envelope cells and intracellular organelles, thereby creat-
ing compartments and protecting the delicate components 
of living protoplasm against a hostile environment. 
Biological membranes perform several functions 
essential to the life of the cell, and account for about 
80% of dry weight of the cell. The plasma membrane forms 
the interface between the cell and its environment and 
maintains the structural integrity of the cell as a stable 
but dynamic unit and acts as a complex control system 
for the passage of water, electrolytes and other materials 
required for metabolic activity of the cell. The plasma 
membrane also serves as a link in the communication of 
environmental information to the cell and controls the 
cell division, growth, and metabolism. In addition, it 
plays a significant role in differentiation, morphogenesis, 
cell recognition and antigenicity. Most of these functions 
are mediated by the macromolecular components of the mem-
branes . 
MODEL FOR BIOLOGICAL MEMBRANES: 
The present widely accepted view of biological 
membranes is embodied in the fluid-mosaic model ( 1 ) which 
was later modified by Singer (1974) (Fig. 1) (2). This 
model overshadowed all other previous models (3, 4, 5). 
Fig. 1 : Three dimensional fluid mosaic concept of 
membrane structure. The solid bodies repre-
sent the globular integral proteins which 
at long range are randomly distributed in 
the plane of the membrane. The open circles 
denote the ionic and polar head groups of 
the phospholid molecules which make contact 
with water. Adopted from Singer and Nicolson (2) 

According to this, every protein and lipid molecule is 
free to diffuse in the membrane plane (lateral diffusion). 
Also, it suggests that the lipid and protein molecules 
must be arranged in a tightly packed, water excluding 
mosaic, in such a way that apolar regions of proteins 
and lipids can interact in the core of the membrane, whilst 
the hydrophilic region of each amphipathic molecule is 
solvated in the aqueous environment. Further, the various 
membrane components are unequally distributed in two halves 
of the membrane bilayer. 
Although the fluid-mosaic model is frequently pre-
sented as an accurate description of the membrane structure 
but it has some shortcomings too. The model depicts biolo-
gical membranes as a 'sea' of lipids in which globular 
proteins float. This might be true for myelin membranes 
which contain only about 25% protein by weight, but in 
case of plasma membranes and inner mitochondrial membranes 
which contain 50% and 75% protein respectively, the above 
concept sounds incorrect. Also, this model failed to 
define the delicate protein-protein and lipid-protein 
interactions. 
COMPOSITION OF BIOLOGICAL MEMBRANES: 
The major membrane constituents are lipids, proteins 
and carbohydrates. These molecules are held together 
by noncovalent interactions. The weight ratio of proteins 
to lipid in most biological membranes ranges from 1:4 
to 4:1 (6). Carbohydrates usually constitute 1-10% of 
the total weight and are covalently attached to lipids 
or proteins (7). 
(i) Membrane lipids; 
Membrane lipids are relatively small molecules 
that have both hydrophilic and hydrophobic moieties. 
The major lipid components are phospholipids which sponta-
neously form bimolecular sheets in equeous media. The 
other lipids found in biological membranes are glyceroglyco-
lipids, phosphosphingolipids,giyc6st)hingolipids and sterols. 
(ii) Membrane proteins: 
There are two distinctive classes of proteins asso-
ciated with membranes: peripheral and integral proteins 
(Fig. 2) (2, 8). A protein may be characterised as peri-
pheral by a set of operational criteria (9) that reflects 
its relatively weak binding to the membrane and its close 
similarity to ordinary soluble proteins, whereas an integral 
protein is characterized by the fact that detergent treat-
ment is required to dissociate it from the membrane (8, 9). 
Although the structural definition of peripheral 
and integral proteins are rather unambiguous, the assign-
ment of individual proteins to these categories is based 
largely on the experimental conditions which liberate 
them from the membranes. 
Integral proteins: 
The majority of membrane-associated proteins fall 
in this category. These proteins are amphipathic in nature-
Fig. 2 : Topography of membrane proteins, 
(a) Peripheral membrane proteins, 
(b-f) Integral membrane proteins. 
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These proteins are more or less globular in nature but 
are differentiated into hydrophilic and hydrophobic seg-
ments. The hydrophilic segment(s) containing essentially 
all the ionic residues of the protein, protrude from the 
membrane into the equeous phase, and the hydrophobic seg-
ment remain embedded in the non-polar interior of the 
lipid bilayer (8). 
There are a number of ways one can conceive an 
amphipathic protein to be situated in the membrane, subject 
to thermodynamic restrictions. A protein may consist 
of only one polypeptide chain subunits, and these subunits 
may be partially embedded in the membrane, or may entirely 
span the bilayer with the hydrophilic segments protruding 
from both sides of the membrane (Fig. 2). Examples of 
integral proteins are glycophorin A, bacteriorhodopsin 
and band 3 protein etc. 
Peripheral proteins; 
Peripheral proteins of biological membranes are 
associated with the bilayer by weak interactions and can 
be dissociated from the membranes by low ionic strength 
buffer and some times with the addition of EDTA to chelate 
divalent cations (10). These proteins are the main compo-
nents of a protein network laminating the cytoplasmic 
surface of the membrane (11, 12). 
COMPONENT ASYMMETRY IN BIOLOGICM. MEMBRANES 
Biological membranes are vectorial structures ie., 
their components are asymmetrically distributed between 
the two surfaces of the membrane bilayer (13,14). (Fig. 3). 
This provides a molecular basis for functional asymmetry. 
The asymmetric distribution is complete for proteins and 
carbohydrates but it is only partial for lipids (14). 
(i) Lipid asymmetry; 
All the membrane phospholipids are unequally distri-
buted in the two leaflets of the membrane bilayer. In 
erythrocytes,the choline containing phospholipids, phospha-
tidylcholine (PC) and sphingomyelin (SM), are present 
mostly in the outer monolayer and the aminophospholipids, 
phosphatidylethanolamine (PE) and phosphatidylserine (PS), 
almost exclusively in the inner monolayer (14). 
(ii) Asymmetry of proteins: 
The membrane proteins which mediate the membrane 
located biochemical processes are arranged in a well defined 
manner. No protein has been found to be symmetrically 
distributed or to be unexposed on either surface (15). 
Some of the membrane proteins are only partly embedded 
in one of the two leaflets of the membrane bilayers, e.g., 
ectoproteins and endoproteins, while the others span the 
total bilayer thickness, eg. band 3 (16, 17), glycophorin 
(16). The ectoproteins and endoproteins can be distrin-
guished on the basis of their topography. The sites of 
their biosyntheses have also been found different. There 
is yet another class of membrane peripheral proteins (17, 
62) which is associated with the membrane bilayer in a 
more superficial manner, i.e. by interaction with integral 
Fig. 3 : Schematic diagram i l l u s t r a t i n g asymmetric 
t ransbi layer d i s t r i bu t ion of various membrane 
components in plasma membranes. 
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proteins or by ionic interactions with the membrane bilayer 
(63). 
The proteins in biological membranes distribute 
with absolute asymmetry. For example, if N-terminus of 
a given protein is taking the extracytoplasmic face and 
C-terminus cytoplasmic face, all the copies of this protein 
within that membrane would have this orientation only. 
(iii) Carbohydrate asymmetry: 
Carbohydrates are also distributed with absolute 
asymmetry. For plasma membranes, total membrane-associated 
carbohydrate is located on the extracellular surface whereas 
in the intracellular membranes, it is present on luminal 
side only. 
MOBILITY OF LIPIDS AND PROTEINS IN BIOLOGICAL MEMBRANES: 
Dyncunics of phospholipids: 
There are the following four types of phospholid 
movements in biological membranes (Fig. 4). 
(i) Lateral diffusion: 
The phospholipid molecules diffuse within the bilayer 
plane at a very fast rate. 
(ii) Flip-flop: 
The phospholipid movement from one monolayer to 
the other is called "flip-flop". This transmembrane move-
ment of phospholipids occurs at a very slow rate. However 
in case of bacterial membranes, these movements are very 
fast (19). 
Fig. 4 : Modes of mobility of the lipid components 
in bilayer. 
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(iii) Rotational diffusion; 
The fatty acyl chains and the lipid molecules 
can undergo a fast axial rotation, when bilayer is in 
the fluid state. 
(iv) Intrachain mobility; 
At physiological temperature, the bilayer is in 
a fluid state and the fatty acyl chains are continually 
being distorted by rotation around C-C bonds, yielding 
kinks in the acyl chains. These are short lived states, 
-9 
which last for about 10 sec. 
Dynamics of proteins; 
Integral membrane proteins exhibit two types of 
mobility within the bilayer (Fig. 5). 
(i) fast lateral diffusion within the plane of the bilayer, 
and 
(ii) a fast rotational diffusion around the axis of the 
protein, lying perpendicular to the bilayer plane. 
Rotation through the plane of the bilayer is a pro-
hibited event. 
At temperatures above the phase transition, where 
the bilayer is in fluid state, the diffusion coefficients 
— 8 —9 2 — 1 
of the order of 10 - 10 cm Sec are observed. However, 
at temperatures below the phase transition, the value 
-10 -12 2 -1 decreases dramatically to only 10 - 10 cm sec 
Thus, the proteins are able to undergo fast lateral diffu-
sion in fluid bilayers, but are almost completely immobi-
lized when the lipids crystallise out into a solid phase. 
Fig. 5 : Allowed modes of membrane proteins mobility. 
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Indeed at temperatures below the phase-transition, integral 
proteins cluster out as a separate phase. 
Diffusion of proteins in the plane of the cell mem-
brane, translational diffusion, is important in membrane 
organization (20, 21), and function (23, 22). Translational 
diffusion of these proteins is probably constrained by 
their interaction with submembranous cytoskeleton and 
by self aggregation (20), and viscosity of the membrane 
-1 0 bilayer lipids (24), and fall in the range of 0.1x10 
2 -1 -10 2 -1 
cm sec to 10x10 cm sec (25). Some of these proteins 
interact with the cytoskeletal proteins. Since removal 
of these proteins from the membrane bilayer by extraction 
greatly increases the translational diffusion coefficient 
of the membrane integral proteins (26, 27, 28). 
THE CYTOSKELETON: 
The cytoskeleton can be defined as an insoluble peptide 
matrix of the cytoplasm. It consists of 3-4 filamentous 
systems viz. microfilaments, intermediate filaments, 
and microtubules which constitute the integrated cytoskeletal 
web. The molecular composition and architecture of such 
a cytoskeletal frame-work may be quite complex and vary 
in one type of preparation from the other due to differences 
in the exact extraction conditions, like type of detergent, 
ionic strength, pH etc. 
The erythrocyte contains the simplest and most well 
defined cytoskeleton of any mammalian cell, while the 
cytoskeletons of all other eukaryotic cells are composed 
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of extensive trans-cellular arrays of filaments and tubules 
which make only limited contact with the plasma membrane. 
The red cell cytoskeleton is entirely membrane-associated. 
Electron microscopy has clearly shown that all of the 
major cytoskeleton proteins are located within about 10 
nm of the lipid bilayer (29). In recognition of this 
unique property, the red cell cytoskeleton has been referred 
to as a membrane skeleton. Membrane skeleton is a protein 
interface between the plasmamembrane and the cytoplasm. 
This has also been referred to as the hyaline cortex and 
appears in many cells as an amorphous material in light 
microscopy. 
The red cell membrane skeleton is composed of filaments 
of actin, actin binding proteins such as spectrin and 
its analogues, and a set of connecting proteins that link 
the stabilising infrastructure to the overlying membrane. 
The possibility that proteins other than actin, structurally 
and functionally analogous to the well characterized pro-
teins of the red cell cytoskeleton are present in non-
erythroid cells has always been theoretically attractive 
(30). This is due to obvious parallels between the membrane-
associated function of the cytoskeleton in red cells and 
those in non-erythroid cells. Spectrin and spectrin-like 
molecules are not confined solely to the red cells, but 
are present also in a wide variety of animal cells. Proteins, 
closely related to other red cell membrane proteins, have 
been found in other cells as well (31). These findings 
have led to a view of the erythrocyte as a model which 
15 
is more generally applicable to other cells, than was 
formerly considered. 
RED BLOOD CELL MEMBRANES: 
Red cell membrane is composed of several types 
of phospholipids, glycolipids, cholesterol and about 200 
proteins and glycoproteins. The majority of the proteins 
and glycoproteins are considered to be integral (extractable 
in detergents) and approximately 20-26% membrane proteins 
are peripheral proteins (extracted in detergents). Studies 
on the structural organization of the red cell membrane 
have shown it to comprise of two major structural units, 
the membrane bilayer and a peripheral protein skeleton 
or shell, called membrane skeleton (32, 33). The lipid 
bilayer and integral membrane proteins from the membrane 
bilayer which is analogous to the Fluid-Mosaic model of 
Singer and Nicolson (1). A brief description of both 
membrane bilayer and membrane skeleton is given as below. 
Red cell membrane bialyer: 
Red cell membrane lipids: 
Phospholipids and cholesterol are the two major classes 
lipids present in almost equimolar ratio in the erythro-
cyte membrane. There are four major phospholipid compo-
nents (viz. phosphatidylcholine (PC), sphingomyelin (SM), 
phosphatidylethanolamine (PE) and phosphatidylserine (PS)) 
in this membrane (34); the amount of choline-containing 
phospholipids is greater than of the aminophospholipids. 
All these phospholipids are asymmetrically distributed 
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in two leaflets of the lipid bilayer. While the outer 
leaflet contains about 75% PC, 80% SM, 20% PE and 0% PS, 
approximately 25% PC, 20% SM, 80% PE and 100% PS are loca-
lized in the inner monolayer (35). It has been suggested 
that this asymmetric distribution of phospholipids is 
primarily responsible for the differences in the fluidities 
of the two surfaces of the erythrocyte membrane bilayer 
(36), since the fatty - .acyl chains^ in the PE and PS are 
more unsaturated than in PC and SM (37). 
Cholesterol is another major lipid constituent of 
the human erythrocyte membrane. This is present in the 
molarratio (cholesterol : phospholipid) of 0.90. It regu-
lates the permeability of biological membranes by affecting 
the membrane microviscosity. It also induces ordering 
of the fatty acyl chains in the phospholipid structure 
at above Tm and disordering below Tm. Choline phospholipids 
are preferred over the aminophospholipids. Amongst the 
individual class of phospholipids, the sterol shows prefe-
rence for the unsaturated ones. In spite of the extensive 
work, no definite conclusion has yet been drawn regarding 
the transbilayer distribution of cholesterol in the erythro-
cyte membrane, though there are evidences to suggest that 
the outer leaflet is enriched in cholesterol (38, 39, 
40). Studies have revealed that the insertion of choles-
terol in a PE bilayer is less favourable than insertion 
in a PC bilayer, because the energy required for phospho-
lipid head group separation (required for insertion of 
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cholesterol) is greater in the former sy,^ .gj^  than i^i the 
latter (41). Cholesterol also affects th lateral diffu-
sion of phospholipids in most circumstances '42 ) , 
INTEGRAL MEMBRANE PROTEINS: 
Anion transport protein (band 3) ai^  qlycophorins 
are the two major types of integral memtjj-ane proteins 
in the erythrocyte membrane (Fig. 6). A brief account 
on these proteins is given below. 
Anion transport protein: 
This protein was designated band 3 by Fairbanks et 
al (1971) (54) and has been comprehensively reviewed (43). 
It migrates as a broad band zone on SDS-polyacrylamide 
gel with a mobility which corresponds to a molecular weight 
between 90 kDa and 110 kDa. The width of the zone has 
been attributed to the heterogenicity of glycosylation, 
as it appears to have only a single type of peptide backbone. 
It represents about 25% of the total Coomassie-Blue stained 
material of the erythrocyte membrane, corresponding to 
about 1.2 X 10 copies per cell. The protein has two 
highly specialized and independent domains; a carboxy-
terminal domain embedded in membrane bilayer which is 
responsible for exchange of chloride and bicarbonate, 
and an amino terminal domain located in the cytoplasm 
which is involved in association with ankyrin, protein 
4.1, protein 4.2, hemoglobin and glycolytic enzymes. 
Recent studies have predicted that both the amino 
and carboxy-terminal of band 3 are located on the cytoplas-
Fig. 6 : This cartoon displays the essential features 
of the matrix model for inhibition of glycopro-
tein mobility. The free portion of band 
3 (bull) and glycophorin (sheep) can move 
unhindered locally, but to move over large 
distances spectrin-spectrin or spectrin-actin 
linkages must be broken. Adopted from Sheetz 
(12). 
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mic side of the bilayer (Fig. 7) (44). The cytoplasmic 
domain of the human anion exchanger contains about 400 
amino acids and is easily purified following release from 
the membrane by mild proteolysis (45, 46, 47). The cyto-
plasmic domain is an asymmetric dimer in solution with 
a frictional ratio of 1.5 (46,48). The asymmetry could 
be due to an elongated shape, although other possibilities 
such as disc shape, or a globular head with an extended 
tail have not been excluded. This cytoplasmic domain 
acquires an elongated shape with a flexible hinge in the 
mid region (48). 
The complete sequence is available for erythrocyte 
anion exchangers of humans (49), mice (50), and chickens 
(51). Comparison of these sequences reveal high conser-
vation throughout the membrane-embedded domain responsible 
for ion transport (49). The cytoplasmic domains of these 
proteins have several conserved regions. But some areas 
of the cytoplasmic domain vary considerably from species 
to species, which may reflect specialized activities of 
these proteins. For example, mouse and chicken anion 
exchangers lack the amino terminal sequence of the human 
protein which is involved in association with glycolytic 
enzymes (52) and hemoglobin (53). 
Glycophorins: 
Glycophorin A, a 31 kDa protein, is the major sialo-
glycoprotein of the red cell membrane, and it contains 
about 60% carbohydrate and 40% protein. There are about 
Fig. 7 : Model for the arrangement of the Band 3 poly-
peptide in the erythrocyte membrane. C, chymo-
trypsin-sensitive sites; T, trypsin-sensitive 
site; Nt, amino terminal; Ct, carboxyl termi-
nal, which was localized to the cytoplasmic 
side of the membrane in this paper; Y, carbo-
hydrate attachment site; 41K, 41000 dalton 
cytoplasmic domain; 55K, 55,000 dalton mem-
brane domain, 60K, 60,000 dalton amino-terminal 
fragment, 35K, 35,000 dalton glycosylated 
carboxyl-terminalfragment. Adopted from 
Lieberman et al (44). 
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370,000 copies of glycophorin A/cell and it constitutes 
about 1-2% of the total membrane proteins by weight. 
In its monomeric form it is identified on PAS-stained 
gel as PAS-2 whereas in its dimeric form it is identified 
as PAS-1 (Fig. 8). It probably exists as a dimer in the 
membrane. The outermost portion of the protein molecule 
contains most of the sialic acid, the MN blood group anti-
gens, binding sites for influenza virus and lectins such 
as phytohaemagglutinin and wheat germ agglutinin (WGA). 
Glycophorin A is responsible for much of the cells negative 
surface charge. Glycophorin B, a 24 kDa glycoprotein 
contains 5-10% carbohydrate, constitute 0.2-0.5% of the 
membrane protein, and corresponds to PAS-3 on PAS-stained 
gel (54). It carries the receptors for WGA, the N, S 
and S and s antigenic sites with the first 23 amino acid 
residues identical to glycophorin A from N,N cells (64).. 
En (a) red cells are deficient in glycophorin A, 
whereas individuals who lack blood group antigens S and 
s (S—s—) have decreased amount of glycophorin B. Despite 
this, no erythrocyte shape change or altered life-span 
has been observed in these cells (33). 
Glycophorin C: 
The N-terminal portion of this glycoprotein differs 
from that of glycophorin A and B. Glycophorin C migrates 
in the region of PAS-2 (Fig. 8). This protein has been 
called glycoconnectin since it may be associated with 
the cytoskeleton through band 4.1 (55, 56). 
Fig. 8 : A. Schematic represpentation of the major mem-
brane proteins of the human red cell separat-
ted by SDS-PAGE. Gel banding paterns are 
shown after Coomassie Blue or Periodic Acid-
Schiff's staining. Adopted from Gratzer (8). 
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Protein 4.2; 
Protein 4.2 is a peripheral protein of 72 kDa, 
and is present in about 200,000 copies per cell. It asso-
ciates with the cytoplasmic domain of the anion exchanger 
(5 7, 58) as well as with ankyrin and protein 4.1 (59). 
This protein has a tendency to aggregate and its exact 
function is not yet known. It binds with atleast three 
membrane skeletal proteins. Its absence in certain diseased 
red cells makes the membrane fragile (eg. in spherocytic 
anemia) (60). Ankyrin is readily extracted from protein 
4.2 dificient membranes by low ionic strength buffer, 
while normal membranes retain ankyrin under these conditions 
(60). It has been reported that ankyrin-anion exchanger 
complexes contain substoichiometric amounts of protein 
4.2 that copurify through ion exchange-chromatography 
and gel filtration and are immunoprecipitated with antibody 
against ankyrin (61). 
ERYTHROCYTE MEMBRANE SKELETON: 
To survive in circulation, red cells must be both 
durable and flexible enough to negotiate the narrow portals 
of the spleen. These dual demands are the responsibility 
of a submembranous protein network which functions as 
a "membrane skeleton" (Fig. 9). The erythrocyte membrane 
skeleton, a proteinic network underlying the plasma membrane, 
is responsible for a number of physiological properties 
(9, 10, 13), such as, restriction of integral membrane 
protein mobility, regulation of erythrocyte shape and 
Fig. 9 : Schematic model for organization of proteins 
in the human erythrocyte membrane. From 
Bennett (65). 
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deformity, and maintenance of transbilayer asymmetry. 
How these functions are performed by the membrane skelton, 
however, remains to be elucidated, but they seem to be 
based on non-covalent interactions between the membrane 
skeleton and the membrane bilayer. 
The membrane skeleton comparises of about 60% of 
the total membrane protein mass, and its chief constituents 
are spectrin (band 1 and 2), actin (band 5), band 4.1, 
band 4.9 and some junctional proteins (eg. tropomyosin, 
myosin, band 4.9, adducin and tropomodulin) (65). Given 
below is a brief account on the structure and function 
of some of these proteins. 
Spectrin; 
Erythrocyte spectrin was first discovered as the 
principal protein in low ionic strength extracts of erythro-
cyte membranes (66, 54, 67). The name spectrin was based 
on the fact that hemoglobin-free erythrocyte membranes 
are referred to as ghosts (ghost-spectre). Spectrin con-
tains, two subunits with apparent molecular weights of 
240 kDa (alpha) and 220 kDa (beta) which are each present 
in about 200,000 copies per cell. The gene for the human 
spectrin alpha subunit is localized on chromosome 1 (68), 
while the gene encoding the human erythrocyte beta subunit 
is localized at chromosome 14 (69, 70). 
Spectrin is visualized in the electron microscope 
as a flexible rod-shaped molecule that exists either as 
heterodimers 100 nm in length or tetramers 200 nm in 
length (71). 
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Protein sequences of spectrin alpha and beta subunits 
indicate that these polypeptides are homologous to each 
other and that both polypeptides are primarily comprised 
of multiple versions of a 106-amino acid repeating sequence 
(72, 73). The similarity between repeats is relatively low, 
with less than 35% identity. However, several positions contain 
invariant amino acids, and the length of the repeats is highly 
conserved at 106 amino acid (72). The 106 amino acid repeating 
sequence of erythrocyte spectrin subunits is also observed 
in spectrins from other tissues and related repeats are present 
in proteins like alpha-actinin and dystrophin that are encoded 
by members of spectrin gene family. 
A structural model for the folding of spectrin polypep-
tides into a series of short alpha helical segments each com-
prised of three helices has been proposed (72, 73, 74), based 
on the following information 1) Spectrin contains about 60-75% 
alpha helix based on measurements of circular dichorism (75, 76, 
77); 2) the length of spectrin subunits of 100 nm is approxi-
mately 40 percent of the length of an extended alpha helix of 
2,000 amino acids; 3) The amino and carboxyl termini of the 
subunits are located at opposite ends of the molecule (78, 79, 
80); 4) Spectrin is much more flexible in solution than rigid 
coiled-coil alpha helical proteins such as myosin and tropomyo-
sin. A series of triple helical units would account for the 
reduced length and increased flexibility of spectrin compared 
to other coiled-coil alpha helical proteins, and for the fact 
that ends of the polypeptide chains are located at opposite 
ends of the spectrin molecule. 
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The repetitive sequence of spectrin subunits has suggest-
ed the possibility that each repeat unit represents an inde-
pendent domain and that spectrin evolved by gene duplication 
from a single 106 amino acid prototypic structural protein 
(73). More refined computer modelling using averaging of multi-
ple repeats suggests that the domains of spectrin may involve 
more than a single 106 amino acid repeats. (74). In support of 
this idea is the fact that introns in the spectrin genomic se-
quence occur at multiple sites within repeats (81). 
Spectrin alpha and beta subunits associate with each 
other to form heterodimers in an antiparallel alignment by in-
teractions at the ends of the subunits and by contacts at multi-
ple sites along their length (83, 71, 82). Spectrin subunits 
have been separated in high concentrations of urea by chroma-
tography on hydroxyapatite (75) or DEAE-cellulose (85). The 
separated alpha and beta subunits can recombine to form hetero-
dimers and tetramers that are indistinguishable from native spe-
ctrin in appearance under an electron microscope. It has been 
reported that radiolabeled spectrin alpha subunit reassociates 
with the spectrin beta subunit following SDS-electrophoresis of 
erythrocyte membrane proteins and transfer of polypeptide 
to nitrocellulose papers (86). The spectrin alpha subunit 
thus has potential as a probe for the beta subunit in 
tissue extracts and has been used to screen expression 
libraries for clones producing spectrin beta subunit (87). 
A general conclusion from in. vitro studies of spectrin 
subunit interactions is that association of alpha with 
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beta is highly favoured over alpha-alpha or beta-beta 
subunit association. 
Spectrin heterodimers participate in a head-to-head 
association to form tetramers (82, 7 1, 88). A consequence 
of a head-to-head association of the subunits is that 
spectrin does not form extended filaments as would occur 
with a head-to-tail organization. The subunits are arranged 
with the amino terminal end of each alpha subunit associated 
with the carboxyl terminal end of the beta subunit in 
the adjoining heterodimer (79, 80, 90) (Fig. 10). Spectrin 
subunits are completely heterotypic in their organization 
with alpha subunits associated with beta subunits both 
in heterodimers and in the head-to-head linkages of tetra-
mers. Interconversions between tetramer-dimer is a rea-
ction that apparently involves a high activation energy 
since little assembly or disassembly of tetramers occurs 
below 20° (88). Tetramer is the major form of spectrin 
in erythrocyte membranes (90, 88). Higher oligomers of 
spectrin involving sharing of subunits to form branching 
structures can form i^ vitro (91, 92, 83) and are also 
evident in cells (93). 
Erythrocyte spectrin associates with several membrane 
proteins including ankyrin, protein 4.1, and adducin and 
will be discussed later. 
Ankyrin: 
Ankyrin is a monomeric phosphoprotein of about 
215 kDa and about 100,000 copies of this protein are present 
Fig. 10 : Summary of features of proteins of human 
erythrocyte membranes: PKA, protein kinase 
A; PKC protein kinase c. Adopted from Bennett 
(242) . 
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in one erythrocyte (94). It connects spectrin to the 
cytoplasmic domain of band 3 protein. The spectrin binding 
site is located in a 72 kDa chymotryptic fragment (95) 
while the band 3 binding site is present in a 90 kDa domain 
(96). 
Protein 4.1; 
Protein 4.1 is present in about 200,000 copies 
per cell. It includes two polypeptides viz. 4.1a and 
4.1b of 80 and 78 kDa respectively. The lower molecular 
weight form (4.1b) predominates in young erythrocytes, 
while the high molecular weight form (4.1a) is the major 
form in older cells (97). About 80 percent of protein 
4.1 remains associated with erythrocyte membranes following 
extraction of spectrin and actin by low ionic strength 
buffer, and nearly all of the protein 4.1 is recovered 
in membrane skeletons prepared by extraction of erythrocyte 
ghosts with nonionic detergents. 
A notable feature of protein 4.1 is the large 
size of its mRNA which is 5.6 kilobases in length or three 
times the length required to encode for the protein. 
The genomic DNA coding for this protein is even more 
oversized with an estimated length of atleast 40 kilobases 
(98). 
Protein 4.1 has been reported to have binding sites 
for actin and spectrin. It also interacts with glycophorins 
(99) and anion transport protein (100). 
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Actin ; 
This is another major cytoskeleton protein, which 
is present in about 400,000-500,000 copies per cell and 
most of these molecules are associated with the membrane 
skeleton. The concentration of free actin in erythrocyte 
cytosol has been estimated at 15 ug/ml (101) which is 
close to the critical concentration of free actin filaments. 
Isolated erythrocyte actin has been found to be identical 
to actin from other cell types in that it polymerizes 
into extended filaments, and activates myosin ATP-ase 
activity (102). The erythrocyte actin is assembled into 
defined short filaments containing on the average of 12-14 
actin monomers. Direct evidence of an oligomeric form 
of actin has been provided by electron microscopy which 
reveals rather uniform structures of 7-8 nm in width and 
an average length of 33-37 nm with nucleate assembly of 
actin filaments (103, 104). 
Band 4.9; 
Protein 4.9 is a 48 kDa molecular weight polypeptide 
associated with spectrin-actin complexes that has been 
demonstrated to interact with actin filaments _in vitro 
(105). It .is prespent in detergent extracted membrane skele-
tons and is partially extracted from membranes with low 
ionic strength buffer. 
This protein does not associate with spectrin alone, 
but it binds to and bundles actin filaments. Actin bundling 
activity does indicate that 4.9 has two actin binding sites. 
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Tropomyosin; 
Erythrocyte tropomyosin is a dimer comprised of 
two polypeptides of molecular weight 29 and 27 kDa, in 
about 70,000-80,000 copies per cell (84). Erythrocyte 
tropomyosin binds well to actin at physiological concentra-
2+ tions of Mg (2-3 mM) whereas nonmuscle forms bind only 
poorly or not at all. Tropomyosin is also well known 
to protect actin filaments from stresses such as shear 
forces and actin-depolymerization proteins (106, 107). 
The function of erythrocyte tropomyosin is to regulate 
association of spectrin with actin filaments (89). 
Adducin; 
Adducin is a protein associated with membrane 
skeletons in about 30,000 copies per cell, and was initially 
identified on the basis of its calmodulin binding activity. 
It is comprised of two subunits of 103 (alpha) and 97 
(beta) kDa and exists in solution as a heterodimer (108). 
It shares some of its properties with protein 4.1 (109). 
Adducin associates with spectrin-actin complex which further 
strengthens their interaction. This association is coopera-
tive and specific for actin, as adducin has virtually 
no affinity for spectrin in absence of actin. 
Tropomodulin: 
Tropomodulin is a 43 kDa tropomyosin-binding protein. 
About 30,000 copies are reported to be present in one 
erythrocyte. It is a monomer and its mobility on SDS-gels 
is similar to protein 4.9, but tropomodulin is distinguished 
from protein 4.9 on the basis of the fact that it is not 
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a substrate for cyclic-AMP dependent protein kinase. 
ERYTHROCYTE-MEMBRANE SKELETON ORGANIZATION 
The erythrocyte membrane skeleton is comprised 
of three major peripheral proteins (viz, spectrin, protein 
4.1 and actin) and several other minor components (110). 
Spectrin interacts with actin filaments and this inter-
action is further promoted by protein 4.1 (111). Binding 
sites for actin and 4.1 are localized to the ends of spe-
ctrin tetramers (112, 32). Actin exists as short oligomers 
associated with multiple spectrin molecules. High resolut-
ion electron microscopy of membrane skeletons has provided 
images of a regular lattice-like organization with five 
or six spectrin molecules attached to short actin filaments 
to form a network of five and six-sided polygons (114). 
Isolated spectrin'^actin- junctions also contained additional 
proteins such as protein 4.1, protein 4.9 and adducin. 
The spectrin-actin complex with its associated proteins 
has a key structural role in mediating crosslinking of 
spectrin into the network of membrane skeleton and is 
a potential site for regulation of membrane properties. 
The interactions of some of the major skeletal pro-
teins with each other and to the membrane bilayer are 
discussed below. 
Spectrin-actin interactions: 
Spectrin associates with actin filaments at the 
ends of spectrin tetramers containing the carboxy-terminus 
of the oC-chain and the amino terminus of the p-subunit. 
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The two spectrin subunits are tightly associated at this 
end, and are required for a stable association with actin 
filaments (115). It is not established whether both spect-
rin subunits are in direct contact with actin, or 
the role of one subunit is to stabilize the folding of 
the subunit that directly interacts with actin. A fragment 
of the p-subunit of spectrin has been reported to interact 
with actin iji vitro (116). The affinity of human erythro-
cyte spectrin dimer for actin in the absence of accessory 
protein is low with an apparent Kd of 200 uM (117). However, 
other erythrocyte spectrins do not exhibit this property 
(eg. sheep) (118). 
Protein 4.1 - spectrin-actin interactions: 
Protein 4.1 is associated with spectrin and actin 
in membrane skeleton and results from a number of labora-
tories indicate that these three proteins participate 
in a ternary or higher order complex. Protein 4.1 does 
not interact directly with actin but does promote associa-
tion of human erythrocyte spectrin with actin (119, 111, 117) 
Protein 4.1 interacts directly with spectrin at sites 
that have been localized by electron microscopy to the 
tails of spectrin tetramers (83, 121). The Kd of the inter-
_7 
action of spectrin and 4.1 is in the range of 1-8x10 
(112, 123, 124). Both subunits of spectrin and 4.1 are 
involved in association with actin (122). 
The stoichiometry of components in reassembled 
spectrin-actin-protein 4.1 complexes depends on the relative 
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concentration of each protein in the reaction. The ratio 
of spectrin to protein 4.1 varies from 2:1 with low amounts 
of protein 4.1 to 1:2 at high concentration of protein 
4.1 (115). The implication of a 2:1 ratio of spectrin 
to protein 4.1 is that under these conditions each protein 
4.1 molecule is capable of promoting binding of one and 
possibly two spectrin molecules to actin filaments. The 
limiting ratio of spectrin to actin at low actin concentra-
tions approaches 1 spectrin dimer per actin monomer and 
results in lampbrush-like structures with multiple spectrin 
molecules on the surface of actin filaments. 
Actin filaments complexed with spectrin and protein 
4.1 would be expected to have some alteration in their 
properties, at least near the sites of interaction with 
these proteins. Spectrin and protein 4.1 stabilize actin 
filaments at concentrations well below the critical concen-
tration (115). Association of spectrin and protein 4.1 
with actin filaments also blocks polymerization of actin 
from the slow-growing end (125), and may account for the 
observation that the slow-growing ends of actin filaments 
are capped in erythrocyte membranes. Protein 4.1 and 
spectrin have been reported to have substantial effect 
on the rate of actin polymerization. 
Studies of abnormal red cells deficient in or lacking 
band 4.1 show that band 4.1 (and presumably the spectrin-
actin complex it stabilizes) is an important determinant 
of the red cell shape and cytoskeletal stability (126, 127, 
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128). The apparent lack of band 4.1 reported in certain 
individuals does not, however, result in devastating cellu-
lar instability (as does the lack or deficiency of spectrin) 
(129, 130). Also, elution of band 4.1 from cytoskeletons 
precedes their fragmentation (131). These observations 
suggest that the role of band 4.1 may be more to maintain 
membrane elasticity and shape than to ensure overall cyto-
skeletal integrity. 
Interaction of red cell cytoskeleton with the plasmamembrane; 
Any submembranous cytoskeleton to play a significant 
role in supporting the overlying cell membrane it must 
be attached in someway to the lipid bilayer either directly 
to specific lipid molecules or indirectly via linking 
or attachment proteins. Human erythrocyte membranes contain 
two principal linking proteins that connect the membrane 
skeleton to the overlying membrane. These proteins are 
ankyrin and protein 4.1. Spectrin has been reported to 
interact with the lipid bilayer directly (132, 133, 134). 
It has been suggested that these interactions stabilize 
the membrane and preserve the asymmetric distribution 
of phospholipids across the membrane bilayer. 
Spectrin (together with actin) has been shown 
to interact with both positively and negatively charged 
liposomes (135), but this binding is stronger with negative-
ly charged phospholipids (e.g. PS), suggesting the possibi-
lity of interaction between membrane skeletal proteins 
and inner layer phospholipids in biological membranes. 
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This possibility is further strengthened by the findings 
that protein 4.1 also interacts with negatively charged 
phospholipids, especially PS (136, 137). 
Spectrin-ankyrin-band 3 interactions; 
Association of ankyrin with spectrin has been visua-
lized by electron microscopy (83) and occurs at a site 
on spectrin about 2 0 nm away from the head of the molecule 
where spectrin heterodimers join to form a tetramer. 
Ankyrin binding on one hand is specific to the p-subunit 
of spectrin and on the other, with cytoplasmic domain 
of band 3 protein (138). It has been suggested that on 
the average only one ankyrin binding site can be occupied 
by one spectrin tetramer in^  vivo. In solution ankyrin 
binds to band 3 with a 1:1 stoichiometry, (61, 95), but 
the molecular details on the ankyrin-band 3 complex are 
still uncertain. It is unclear whether all band 3 molecules 
in the membrane are capable of binding ankyrin. 
Association of band 4.1 with the membrane; 
Although band 4.1 binds to spectrin, spectrin is 
not required for band 4.1 to bind to the red cell membranes. 
Thus, all of the spectrin and actin can be eluted from 
membranes without removing the bulk of protein 4.1 (139). 
Also, purified protein 4.1 binds selectively to red-cell 
membrane inside-out vesicles, which lack spectrin and 
actin, in an apparently unsaturable manner (140). Further, 
this protein interacts with the integral membrane protein, 
PAS-2, which has been called glycoconnectin (127, 141). 
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These and other observations suggest that band 4.1 may 
be capable of binding simultaneously with both spectrin 
and membranes. Thus, band 4.1 could serve as a secondary 
membrane attachment site for the lengthy spectrin tetramer, 
securing spectrin's tail to the membrane in a manner similar 
to that in which ankyrin secures the head. Membranes deplet-
ed of ankyrin but containing band 4.1, however, have a 
very limited capacity to bind spectrin (95, 121). 
FUNCTIONS OF THE MEMBRANE SKELETON: 
There is a considerable amount of evidence to suggest 
that the membrane skeleton is essential to the stability 
and maintenance of the cell shape (139, 130, 143). However, 
not all the aspects of red cell shape can be accounted 
for by the cytoskeleton alone (144). It seems likely 
that the properties of both the cytoskeleton and the lipid 
bilayer are responsible for the characteristic shape of 
the red cell (131). Several studies have suggested that 
cytoskeletal proteins interact with the phospholipids 
located at the cytoplasmic side of the membrane bilayer 
(145). It has been speculated that these differential 
interactions between phospholipids and membrane proteins 
probably help in maintaining the asymmetric distribution 
of phospholipids in red cell membrane. Also the membrane 
skeleton has been reported to restrict the mobility of 
integral membrane proteins (146). 
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RED CELL MEMBRANE CHANGES DURING MALARIA PARASITE DEVELOPMENT 
After invasion of red cell by the malarial parasite, 
the invaded cells are altered both structurally and function-
ally. As the parasite grows from the ring to the schizont 
stage, the host cell changes its shape from a biconcave 
disc to a sphere with surface crenations. Several new 
antigens are expressed on the red cell surface, some of 
which may serve as transport systems for the parasite. 
A brief account of these changes is provided below. 
Morphological: 
Several morphological changes take place in the 
parasitized red cells infected with P. falciparum, P. 
cynomolgi, P_. vivax etc. Cytoplasmic Clefts or Schuffner's 
dots which appear as a fine stippling pattern following 
staining with Giemsa, have been observed in malaria infected 
erythrocytes. These dots, infact, are small invaginations 
called caveolae, on electron microscopic examination (147, 
148). These caveolae serve two functions. First, the 
vesicles surrounding the caveolae are engaged in micropino-
cytosis whilst the other is that the vesicles or clefts 
formed in the erythrocyte stroma, fuse with the red cell 
surface to promote expansion of the membrane and thus 
contribute to the enlargement of the infected cell. In 
P_. falciparum and ^. malarae infected erythrocytes, electron 
dense excrescences or knobs are formed on the surface 
of the host red cells. They appear beneath the red cell 
membrane in trophozoite infected cells and tend to increase 
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in number as the parasite grows to maturity. There are 
indications that certain strains of £. falciparum produce 
more knobs than others. It has been suggested that these 
knobs may play a role in the sequestration of infected 
cells in deep tissues since it has been shown that the 
knobs on p^ . falciparum and P. coatneyi infected red cells 
form junctions with the membranes of endothelial cells 
(149). 
The evidence that knobs mediate cytoadherence 
is as follows: 
1. infected cells containing those malaria parasites 
which exhibit sequestrtion, i.e. P. falciparum, 
P. fragile and £. coatneyi, all possess knobs; 
2. electron micrographs of infected cells sequestered 
in vivo show knobs at the points of attachment 
to the endothelium (150); 
3. infected cells which loose their knobs are not 
sequestered (151); 
4. only the infected cells containing mature asexual 
stages of P. falciparum adhere to endothelial 
cells (152). 
Parasite specific knob proteins of 80 kDa have 
been reported in K erythrocytes (153, 154). This histi-
dine-rich protein, is similar to the histidine-rich protein 
present in P. lophurae. In different isolates of P. falci-
parum, the molecular weight of this protein varied between 
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80 kDa and 110 kDa (155). Attachment of this protein 
to the cytoskeletal proteins has been reported. Antimala-
rial antibodies also react to this histidine-rich protein 
and hence it is a potential candidate for antimalarial 
vaccine. 
Membrane Proteins: 
Purely morphological criteria are inadequate for 
efficient membrane characterization. These studies, al-
though important, need to be linked, if possible, to bio-
chemical characterization of the membrane before a proper 
understanding of the structure and function of the membrane 
can be obtained. 
Although there is an urgent need for specific 
markers for the identification of the various fractions 
of the infected cell, techniques that have been success-
fully used in other systems are now being applied to studies 
on the malarial parasites, and some markers for the identi-
fication of the red cell plasma membrane of infected cells 
have been recognized. These studies have shown that marked 
changes occur in the major peripheral protein spectrin, 
and integral glycoproteins, and that parasite-derived 
proteins may be inserted into the host cell membrane. 
Such conclusions have been based on studies using surface-
acting probes, SDS-polyacrylamide gel electrophoretic 
analysis and monoclonal antibodies. 
Peripheral proteins: 
Studies with red cells infected by P. berghei 
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(156, 157, 158) P. yoelli (157, 159), P. chabaudi (160), 
P.knowlesi (161) and £. lophurae (162) have indicated 
that spectrin is degraded during the growth of the parasite 
within the host cell. This was shown by a decrease in 
the Coomassie Blue staining intensity of Bands 1 and 2 
in SDS-polyacrylamide gels of either whole infected cells 
or red cell membranes from infected cells. The degradation 
of spectrin is accompanied by an increase in the staining 
intensity of bands of smaller molecular weights as well 
as the appearance of new bands with molecular weights 
of 53 kDa. Such changes could be the result of the acti-
vation of endogenous proteases. However, it should be 
noted that such enzyme activity on membranes probably 
does not occur until very late in schizogony. More likely 
these changes occur, as Sherman & Tanigoshi (163, 164) 
pointed out as a consequence of the action of Cathepsin 
D which is found within the parasite. This enzyme preferen-
tially degrades red cell proteins which constitute the 
cytoskeleton and could account for the changes in red 
cell shape and regidity observed in the red cell during 
malarial infection. 
Abnormal phosphorylation of peripheral membrane 
proteins in mouse red cells infected with P. berghei has 
been observed by Chaimanae & Yuthavong (165), which could 
play a role in shape changes observed in infected cells. 
Integral Proteins: 
Glycoproteins; 
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Malarial parasite-induced changes in integral 
membrane proteins (160) have also been reported. While 
the periodic acid-Schiffs (PAS) staining capacity of 
two mouse red cell glycoproteins in P.chabaudi infected 
cells is reduced, the intensity of PAS^ is increased and 
several new bands, PAS2 , PAS- (44 kDa) and PAS. (165kDa 
appeared. Wallach & Conley (161) have found that PAS. 
had a higher molecular weight in P. knowlesi-infected 
red cell membranes and that several other bands were decre-
ased or lost. Trigg ejt a^ (166) has reported extensive 
modification of membrane glycoproteins using the gala-
ctose-oxidase/tritriated sodium borohydride method (167). 
Also, Howard & Day (168) reported membrane glycoprotein 
modification using different lectins. Based on these 
studies, it has been suggested that the carbohydrates 
of red cell membranes of multiinfected cell or cells with 
mature parasites are different in structure or distribution 
as compared to other red cells in the infected blood. 
Increased Concanavalin A agglutinability of infected red 
cells have been reported in P. lophurae infections (169). 
In contrast, Shakespeare et al^  (170) and Vincent & Wilson 
(171) demonstrated a reduction in the number of binding 
sites to Concanavalin A and to Axinelle polypoides aggluti-
nin on the red cell membrane of rhesus monkey cells 
infected with schizont stage of P. knowlesi. Sialic acid_ 
content of red cells was found to decrease in the P. know-
lesi and P. yoelli infections. Howard (172) suggested 
that 0-acetylation of the sialic acid of red cell membrane 
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glycoproteins would account for the inability to achieve 
periodate labelling(of Plasmodium-inf ected red cells) 
whilst retaining the ability to achieve galactose oxidase 
labelling, provided neuraminidase was present. Thus, 
the loss of sialic acid labelling is not due to the loss 
of sialic acid but to its modification. 
The results with 'P_. knowlesi showed that schizont 
infected cells show marked reduction in the periodate-
dependent and galactose oxidase-dependent labelling of 
glycoproteins of the host cell membrane, confirming the 
previous work of Trigg et^ aj^  (166). The levels of red 
cell membrane sialic acid from 17 patients with P. falci-
parum infections and one with P. vivax in Papua New Guinea 
have been compared with uninfected controls (173). Appa-
rently, as with P. knowlesi infections, the extensive 
removal or modification of sialic acid on the surface 
of uninfected red cells does not occur in human malaria 
in contrast to the results obtained in earlier studies 
with murine malaria. 
The biosynthesis of glycoproteins has been parti-
cularly studied in P. falciparum and P. knowlesi-infected 
cells. The incorporation of radiolabelled glucosamine 
being stage specific and increases markedly in the schizont-
infected red cells (174,175,176). Kilejian (177) observed 
no glycoproteins unique to the ring or trophozoite-infected 
cells of P. falciparum but at the schizont stage, she 
detected about 12 new glycosylated proteins. Five 
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of these proteins were associated with the merozoites 
and one, with a molecular weight of 200 kDa, was claimed 
to be on the surface of the red cell. Parkins (178) des-
cribed the synthesis of eight new glycosylated proteins 
by P. falciparum schizont-infected cells, which by virtue 
of their sensitivity to pronase digestion were assumed 
to be on the surface of the infected cells. In contrast, 
Howard et al (179) were unable to localize any parasite 
synthesized glycoproteins on the cell surface of P. falci-
parum- infected cells, concluding that the glucosamine 
labelled proteins were in fact on the surface of mature 
intracellular trophozoites and schizonts. The discrepan-
cies in these studies may result from differences in the 
parasitaemias, in red cell permeability and in the stage 
of parasite development. 
Other proteins; 
Studies on the changes in the tyrosyl-labelled 
proteins of the red cell membranes from infected cells 
have been carried out with membranes from £. knowlesi 
(161, 170); P. lophurae (162), P. berghei (158) and P. 
yoelli infected cells (159), using the lactoperoxidase-
glucose oxidase radioiodination of tyrosyl residues. 
There is controversy over new protein incorporation 
on the surface of the infected cells and their detection 
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by I incorporation. Infact, Sherman & Jones (162) 
and Shakespeare et al (170), the latter using a double 
label technique, could not find any major differences 
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between normal and infected cells in P_. lophurae and P^. 
knowlesi infections. 
Wallach and Conley (161) and Howard et. aJ (158, 
159) did find differences in the red cell membranes of 
P. knowlesi, P. berqhei, and P. yoelli infected cells. 
These differences are listed as below: 
1 . the presence of an apparpently new iodinatable 
glycoprotein component of 125 kDa; 
2. the apparent monomerization of a glycoprotein 
normally of molecular weight of 98 kDa. 
3. the apparent detection of an iodinatable protein 
of molecular weight of 52 kDa; 
4. the possible selective adsorption to the red cell 
membrane of a parasite protein of molecular weight 
of 68 kDa. 
Howard et a]^ (158, 159) not only detected new 
proteins on the surface of infected cells but also on 
uninfected cells from the same host during both £. berqhei 
and £. yoelli infections. Three possible explanations 
for these results were given. Firstly, it was suggested 
that these new bands could represent parasite derived 
antigens released from rupturing of the cells which cir-
culate in the plasma and bind to all red cells. Secondly, 
they could represent the host derived serum components 
which for some reason bind to all red cells. Thirdly, 
they may reflect limited proteolysis of normal red cell 
membrane proteins by activated enzymes in the plasma of 
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infected animals. 
Howard et a]^ (172) have reported several new pro-
teins on the surface of erythrocytes infected with P. 
knowlesi. Eight iodinatable proteins of apparent molecular 
weight of 230 kDa, 180 kDa, 165 kDa, 155 kDa, 135 kDa, 
107 kDa, 72 kDa and 65 kDa have been identified, which 
were parasite dependent. Among these, two proteins of 
molecular weight 230 kDa and 72 kDa were the major compo-
nents. The presence of a new anion transport protein 
of 125 kDa molecular weight was suggested in the infected 
erythrocytes. 
Parasite proteins (neoproteins) present in the red cell 
menibranes 
Biochemical and immunological studies have led 
to the hypothesis that parasite-derived proteins are in-
serted into the host cell surface membrane during the 
growth of the parasite from the ring to the schizont-stage 
(161, 172, 174). As the parasite;, growing within the red 
cell is surrounded by three membranes, i.e. the parasite 
plasma membrane, the parasitophorous vacuolar membrane 
and that of the red cell itself, it is intriguing that 
how do these proteins are transported across these three 
membranes? To this end, Howard (172) has suggested a 
model which is shown in Fig. 11. There are two extreme 
forms depending on whether the antigens are always membrane 
bound (Model 1) or in soluble and membrane bound forms 
(Model 2). A much more simple explanation, also suggested 
Fig. 11 : Hypothetical models for the intracellular 
flow of parasite antigen from the malaria para-
site to the surface of the infected cell. 
From. Howard (172). Where PVM (parasitophorous 
vacuole membrane, PM (parasite membrane), 
EM (erythrocyte membrane) 
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I Pnros'te Antigen Always 
Membrane Bound 
II Parasite Antigen Exists in 
Soluble & MerxiB/ane Bound Forms 
H 4 . » > 
49 
by Howard, is that the soluble antigens are released from 
infected cells prior to and during merozoite liberation, 
and that they are adsorbed on to the surface of the red 
cells. 
Erythrocyte membrane permeability 
Changes have been observed in permeability of 
the infected red cells to amino acids and glucose (205). 
The change in the permeability of different metabolites 
across the infected red cell membrane was attributed to: 
(1) depletion of ATP in the host cells, and (2) parasite 
induced structural changes in the red cell membrane. 
Changes in the erythrocyte cation transport activity 
have been observed in the malarial infections. Monkey 
red cells infected with £. knowlesi show an increase in 
intracellular concentrations of Na and corresponding 
decrease in K compared with red cells from the normal 
monkeys (180) due to failure of sodium pump because of 
ATP depletion. Increase in calcium ion levels has been 
reported in malaria infected red cells (181, 182, 183). 
Changes in the calcium ion levels can clearly alter the 
cytoskeleton and membrane elasticity of the infected cells. 
Trigg (184) and Wallach & Conley (161) found altera-
tion in anion transport protein band 3 in F^. knowlesi 
infected red cells. The changes in the ion permeability 
were correlated to the changes in the anion transport 
protein. But studies by Kutner et a/l (185) using the 
3 
covalent surface brobe H/H^-DIDS indicate that there 
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are no marked changes in the anion transport protein of 
the P. falciparum schizont infected cells. Kutner et. 
al (186) further suggested for the presence of new permea-
tion pathways or pores, in the membrane of infected cells 
during the growth of the parasite. The chemical nature 
of these pores is unknown. However, these pores appear 
to be of approximately 0.7 mm radius and bear a positive 
charge (187). 
Changes in membrane lipids in infected cells: 
Malaria parasite induces marked structural changes 
in the host-cell-membrane phospholipids for its growth 
and development. The infected erythrocytes contain in-
creased levels of PE, PC, phosphatidylinositol and poly-
glycerolphosphatides, (188, 189, 190). Also, the choles-
terol levels are altered in the membranes of the host 
cells (188). 
These changes in the structure and compositions 
of the membrane components should influence the lipid-lipid 
and lipid-protein interactions within the erythrocyte 
membrane bilayer, which in turn would affect the membrane 
phospholipid organization (191). In recent years, several 
groups have studied the membrane phospholipid organization 
in the malaria-infected erythrocytes. P. berghei infected 
erythrocytes have an altered fluidity. An altered membrne 
phospholipid organization has also been reported in rhesus 
erythrocytes infected with P. knowlesi (193-195). And 
this observation was supported by the findings of Taraschi 
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et al (195) in P_. falciparum infected red cells using 
electron spin resonance technique. However, van Deenen 
and his coworkers have reported no change in the transbila-
yer distribution of the phospholipids in either infected 
or uninfected erythrocytes (196, 197). But an increase 
in the PC-transbilayer mobility and a higher labelling 
efficiency of PE with fluorescamine were observed by these 
workers in the membranes of erythrocytes infected with 
malarial parasite. 
C H A P T E R I I 
ORGANIZATION OF MONKEY ERYTHROCYTE SPECTRIN 
IN P. KNOWLESl - INFECTED RED CELL 
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AIMS AND OBJECTIVES: 
When the malarial parasite invades the red cells, 
it alters the cells morphologically, structurally and 
functionally. As the parasite grows from the ring to 
the schizont stage, the host red cell membrane experiences 
drastic changes in its molecular organization, antigenicity 
and transport properties. 
Several investigators have reported that the major 
cytoskeletel protein, spectrin is degraded in Plasmodium-
infected red cells. Also, some integral membrane proteins 
have been reported to undergo structural changes upon 
infection of erythrocyte by Plasmodium. However, these 
studies did not exercise any caution to rule out artifa-
ctual proteolysis of membrane proteins during membrane 
preparation. The present study was, therefore, undertaken 
to reinvestigate this problem using carefully controlled 
conditions to rule out any possibility of membrane protein 
proteolysis during membrane preparation. This chapter 
primarily describes the structure and organization of 
spectrin in erythrocytes infected with £. knowlesi. 
MATERIALS: 
Healthy rhesus monkeys (male), weighing 5-6 kg 
were procured from the CDRI primate house. Affi-Gel 731 
was obtained from Bio-Rad laboratories. Ficoll 400 and 
Conray-420 were purchased from Pharmacia-Fine Chemicals 
and May & Baker Ltd., respectively. Phenylmethylsulfonyl-
fluoride (PMSF), Pepstatin A, Leupeptin, Methylene bis-
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acrylamide were obtained from Sigma Chemical Co. (USA). 
Sepharose CL-4B was obtained from Pharmacia. All the 
other chemicals and reagents were of the highest purity 
available. 
METHODS: 
P. knowlesi infection in rhesus monkeys; 
Healthy rhesus monkeys (Macaca mulatta), weighing 
4-6 kg, were infected with Plasmodium knowlesi (W1 strain), 
and kept in light between 7 h and 19 h to maintain synchro-
nicity of the infection. All other conditions were the 
same as described by Banyal et aJ^  (198). Infection in 
rhesus monkeys was initiated either by an intravenous 
injection of 0.75-1.5 ml of buffered cell suspension that 
had been frozen in liquid nitrogen or by inoculating intra-
venously about one million parasites from running in. vivo 
culture. The frozen cell stocks of infected cells were 
prepared by mixing two parts of infected blood (preferably 
ring stage, anticoagulated with heparin 20 lU/ml) with 
one part of 3:7 glycerin/5mM sodium phosphate, 150 mM 
sodium chloride, pH 7.4 (v/v). The mixtures were cooled 
and then frozen in liquid nitrogen. 
Evaluation of parasitaemia 
The progress of parasite development in infected 
animals was monitored by quatidian blood smears. For 
this, standard uniform blood smears on the glass slides 
were stained with Giemsa. The extent of infection was 
ascertained by counting the proportion of the infected cells. 
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Fractionation of infected erythrocytes: 
Parasitized red cells were separated from the 
nonparasitized red cells and leucocytes by Ficoll-Conray 
density gradient. The Ficoll-Conray mixture was prepared 
essentially as described by Singhal et al. (199). A stock 
Ficoll 400 solution of 9% (W/V) was made in normal saline 
and diluted to appropriate densities by addition of 33% 
Conray 420 (V/V) prepared in distilled water. 
Isolation of parasitized erythrocytes: 
P. knowlesi infected monkeys were bled at high 
parasitaemia in heparinized PBS (5mM sodium phosphate, 
150 mM sodium chloride, pH 7.4) and centrifuged at 1,000 g 
for 4 min. The plasma was carefully removed and washed 
three times with the same buffer. Finally, the dark brown 
upper layer of the packed erythrocytes was taken out care-
fully. These cells were suspended in PBS to 50% hematocrit, 
and the cell suspension was loaded on a mixture of Ficoll-
3 
Conray (density 1.078 g/cm ) in a ratio of 1:2 (V/V) res-
pectively. The cells were centrifuged at 700 g for 5 
min. The schizont infected cells floated on the top, 
were carefully removed and washed three times with PBS. 
The leucocyte contamination in these parasitized red cells 
was removed by layering them (50% hematocrit) on Ficoll-
Conray (density 1.080) and spinning at 700 g for five 
min. In this case, equal volumes of the gradient and 
diluted red cells were used. The infected cells thus 
obtained had 2-10% contamination of the nonparasitized 
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erythrocytes. Leucocyte contamination was less than 0.1%. 
The trophozoite-infected cells were enriched by using two 
3 
times the Ficoll-Conray gradient (density 1.0769/cm ). 
Preparation of host cell membrane: 
The parasite-free host erythrocyte membrane was 
prepared by lysing the cells with 20 mM sodium phosphate 
i 
(pH, 7.5), containing 0.1 mM EDTA, i mM PMSF and 20 jag/ml 
each of pepstatin A and leupeptin. The lysate was imme-
diately centrifuged at 700 g for 2 min at 2-4°C. Extreme 
precaution was taken to handle the lysed solution. The 
supernatant was carefully aspirated leaving behind a pellet 
consisting of intact parasites and few unlysed cells. 
The supernatant was centrifuged three times in the same 
way and the pellet was discarded each time. The membranes 
were recovered by spinning the final supernatant at 30,000 g 
for 20 min at 4°C and washed two times with 5 mM sodium 
phosphate containing 0.1 mM EDTA (pH, 7.4) prior to further 
use. The purity of the membrane was checked by light 
microscopy and also by assaying the parasite specific 
enzyme glutamate dehydrogenase. The normal monkey erythro-
cyte ghosts were prepared by the method of Fairbanks et 
al (54). The lysis buffer used contained additional 1 mM 
PMSF, pepstatin A (2 jag/ml) and leupeptin (2 pg/ml) to 
supress proteolysis. 
Isolation of the erythrocyte plasma membrane on polycationic 
beads: 
Polyacrylamide beads coated with polyethylenimine 
56 
was used as a polycationic solid support (Affi-Gel 731) 
The procedure was adopted from Gruenberg and Sherman (200). 
Usually, 2 ml of a 50% bead suspension was added dropwise 
to 2 ml 50% erythrocyte suspension which was washed twice 
with a buffer containing 50 mOsM sodium phosphate, 250 
mOsM sucross (pH, 7.1). The recovery of the host erythro-
cyte plasma membrane was very poor by this method. Neutra-
lization of the bare sites on the beads could not be per-
formed with dextran sulphate (0.1-5 mg/ml), because it 
led to the dissociation of the cells from the beads. 
Spectrin-actin extraction; 
Spectrin-actin were extracted from the erythrocyte 
membrane using the procedure of Liu & Palek (201) with 
slight modification. Packed host erythrocyte membranes 
were washed with ice-cold spectrin extraction buffer 
(0.1 mM sodium phosphate buffer (pH 8.0) containing 0.1 mM 
EDTA, 1 mM PMSF, 2 pg/ml pepstatin A & 2 ;ag/ml leupeptin) . 
After washing the membrane pellet with buffer, spectrin was 
extracted from the membranes by incubating them with 5-7 
volumes of the extraction buffer either for 36 h at 4°C 
or for 30 min at 37°C. After incubation period, the suspen-
sion was centrifuged at 100,000 g for 60 min in Sorvall 
AH-627 rotor and the supernatant, which contained spectrin, 
was carefully taken out. 
Purification of spectrin and tetramer-dimer separa-
tion were carried out according to the procedure of Gratzer 
(202). Briefly, the crude spectrin, containing free spectrin 
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and actin as well as spectrin-actin-4.1 complex and traces 
of hemoglobin was concentrated to a protein concentration 
of Img/ml by using Amicon-50 ultrafiltration cones. This 
was applied to a 2.5 x 55 cm or 1 x 40 cm column of Sepharose 
CL-4B, equiliberated with 20 mM sodium phosphate, 100 mM 
NaCl, 2 mM NaN^ (pH 7.6). The column was eluted at about 
18 ml/h, and 2 ml and 2.5 ml fractions were collected. 
Protein in the effluent was monitored by absorbance at 
280 nm and analysed for purity by SDS-polyacrylamide gel 
electrophoresis. 
Cytoskeleton Extractability; 
Red cell membrane cytoskeleton was extracted from 
parasitized and normal red cells by low ionic strength 
buffer under identical condition as discussed earlier, 
except that the dilution of the ghosts with the extraction 
buffer was done in such a way so as to give a final protein 
concentration of 1 mg/ml. Extractability of cytoskeleton 
was checked at 0-4°C. 
Gel electrophoresis: 
(a) Sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE) 
SDS-PAGE were carried using the discontinuous 
Tris-glycine system of Laemmli (203) modified by Hubbard 
and Lazarides (204). Vertical slab gel (16 cm long x 14 cm 
wide X 1.5 mm or 3.0 mm thickness) formed of a 10% resolv-
ing gel and 5% stacking gel was generally used. Protein 
samples were prepared for electrophoresis by addition of 
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one half of their volume of two times concentrated sample 
buffer, to give a final concentration of 2% (W/V) SDS, 
2% (W/V) P-mercaptoethanol, 125 mM Tris-HCl (pH6.8), 
10% (V/V) glycerol with a trace of bromophenol blue as 
a tracking dye. Samples were then immersed in boiling 
water bath for 3 min. Running buffer containing 50 mM 
Tris, 112 mM glycine and 0.1% SDS (pH 8.5) was used in 
both upper and lower reservoirs. After electrophoresis, 
gels were stained overnight in 40% methanol, 10% acetic 
acid and 0.05% Coomassie Brilliant Blue R-250 and then 
destained by 10% acetic acid. Gels with clear background 
were photographed using an orange colored filter to enhance 
the contrast. Densitometry was performed on a Shimadzu 
dual wavelength scanner (CS-910) at 560 nm wavelength. 
(b) Native gel electrophoresis and two dimensional 
electrophoresis; 
The spectrin dimer-to-tetramer ratio was analysed 
in the spectrin-actin (4°C) extracts by electrophoresis 
on agarose-acrylamide slab gels under non-denaturing con-
ditions essentially as described earlier by Liu and Palek 
(201). The gel and running buffer used was 40 mM Tris-HCl 
(pH 7.4) containing 2 0 mM sodium acetate and 2 mM EDTA. 
The vertical slab gels were electrophoresed at 100 mAmp. 
The gels were stained and destained as described by Fairbanks 
et al (54). 
By analysing a native gel containing nonconvalently 
associated proteins in a second dimension with sodium 
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dodecyl sulfate (SDS), additional information may be ob-
tained on the identity of the associating species. This, 
approach has proved to be quite powerful in distinguishing 
specific, noncovalently associated peptides from complex 
peptides mixtures (82, 91). Native gel strips (before 
fixing in methanol/acetic acid/water solution) were placed 
right onto the top of a 10% SDS-polyacrylamide gel and 
ran in second dimension using erythrocyte membrane proteins 
as internal markers. All other conditions were the same 
as described previously for SDS-PAGE. 
Crossed-immunoelectrophoresis; 
The crossed-immunoelectrophoresis was carried 
out using the known procedure of Lorand et^ aJ. (207). 
The runs were terminated when the tracking dye migrated 
to a distance of 10-12 cm. The gel strips containing 
ghost proteins were trimmed and washed for 30 min with 
a buffer containing 3 8 mM Tris, 100 mM glycine (pH 8.7) 
and 1% Triton X-100. A 1% agarose gel (15 x 8 cm) was 
prepared in 38 mM Tris, 100 mM glycine (pH 8.7), and 3.5% 
Triton X-100. At the cathodic end of the agarose gel, 
a well was cut of the size of polyacrylamide gel strip. 
The polyacrylamide gel strip was then transferred to this 
well and the gaps were sealed by application of a few 
drops of warm agarose (with 3.5% Triton X-100). Simulta-
neously, a well was prepared (size 1 3 x 3 cm) in the agarose 
gel at the anodic side for layering antibody containing 
agarose. Agarose solution (1%), containing 38 mM Tris, 
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100 mM glycine, 2% Triton X-100 and 100 ul of antispectrin 
serum per 10 ml of agarose solution, was poured in the 
preformed well. Electrophoresis was carried out (2V/cm) 
for about 16 h at room temperature using Tris-glycine 
buffer (pH 8.7), with no Triton-X-100. The polyacrylamide 
gel was removed prior to washing and staining of the agarose 
gel. 
Antispectrin antiserum; 
Antiserum against purified spectrin was raised 
in healthy rabbits by injecting the protein, emulsified 
in Freund's complete adjuvant, subcutaneously at multiple 
sites (60-70 sites). After 65 days, booster doses were 
given in Freund's incomplete adjuvant. 
Fluorescence measurements: 
Steady-state fluorescence was measured with a 
Schimadzu RF-540 fluorescence spectrometer. Tryptophan 
fluorescence was measured with 295 nm light for exictation. 
The optical densities of all the protein solutions were 
0.1 at 295 nm. Measurements were made at 24°C. 
The quantum yields of tryptophan fluorescence 
were calculated using the following equation: 
Q = Qst [(area)/(area)st] [(abs)st/(abs)] 
Where, (area) and (area)st represent the area 
of emission spectrum of the protein and the area of that 
of N-acetyl tryptophanamide, respectively. The (abs) 
and (abs) st represent the absorbance at 29 5 nm of the 
6 1 
protein and standard, respectively. Qst is the quantum 
yield of the standard. The value, 0.13, reported by Chen 
(208) was used as quantum yield of N-acetyl tryptophanamide. 
Fluorescence quenching measurements; 
— fi 
Spectrin (4.3 x 10 M) in PBS (5 mM sodium phos-
phate, 150 mM NaCl, pH 7.4) was taken in a cuvette. Quench-
ing of intrinsic fluorescence of tryptophan was carried 
out by adding known aliquots of KI(Stock solution 1M) 
directly to the protein sample in the cuvette. The fluor-
escence was corrected for dilution effects. A small amount 
-4 
of NapSpO^ (10 M) was added to the iodide solution to 
prevent I^ formation. This was necessary because !-> absorbs 
in the wavelength region of tryptophan fluorescence (filter 
effect) and also is a chemically reactive species. 
An excitation wavelength of 287 nm was used to 
avoid strong absorption region. The excitation and emission 
bandwidth on monochromators was set at 5 nm. 
Data Analysis: 
Analysis of fluorescence quenching data was carried 
out using the familiar Stern-Volmer law: 
Fo/F = 1 + KQ(X) ( 1 ) 
with KQ = k^tb 
where, 'Fo' is fluorescence intensity in absence of the 
quencher, 'KQ' is the quenching constant and [X] is concen-
tration of the quencher. Values of KQ were calculated 
from the slope of Fo/F versus (X) plot. 
Equation 1 predicts a linear relationship between 
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Po/F and concentration of collisional quencher. Downward 
curvature of Stern-Volmer plot may be explained by two 
populations of tryptophans, one of which is inaccessible 
to the quencher. Lehrer (209) has derived an equation 
where both collisional quenching and the so-called 'dark 
complex' or static quenching occur: 
Fo/F-Fo = Fo/z^ F = [^ fi KQi[X]/1+KQi (X)]~\..(2) 
where, fi = Foi/Fo. Equation 2 represents the effects 
of collisional quenching on the protein fluorescence quantum 
yield in terms of the fluorescence and quenching constants 
associated with the n fluorescent side chain. It is put in 
this form because it simplifies under certain experimentally 
attainable conditions. For example, if there are m acces-
sible fluorophores with the same value of KQ and n-m inacce-
ssible fluorophores (KQ=0), eq. 2 becomes 
FO/AF = [1/{X)faKQ] + [1/fa] (3) 
where, fa = fi summed over 'm' is the fractional maxima 
accessible protein fluorescence. A certain fraction of 
protein fluorescence, fb, is associated with the buried 
side chain inaccessible to the quencher, and fa + fb = 1. 
From eq. 3, a plot of Fo/iiF versus 1/(X) will yield a strai-
ght line of slope (faKQ) and intercept 1/fa, with K = 
intercept/slope. 
In general, each exposed side chain may have a 
different value of K associated with the quenching of 
its fluorescence. A plot of FO/AF versus 1/(X) will yield 
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a curve of increasing slope as 1/(X)-^0, which extrapolates 
to Fo/A F max = 1/fa. The slope at low concentrations 
will mainly depend on the side chains with large fK„. 
At low quencher concentration, eq. 2 can be simplified 
2 by eliminating terms in (X) and higher. For this case 
FoAF = [1/(X)ifi K^i] + [KQI/ fi KQI] (4) 
By analogy with eq. 3, 1/intercept =^fiK i/^K i can be con-
sidered an "effective" fractional maximum accessible fluore-
scence fa (eff) and intercept/slope = ^K i can be consi-
dered as effective quenching constant K_ (eff). 
Quantitation of spectrin by radioimmunoassay: 
Spectrin was purified from normal monkey erythro-
cytes according to Gratzer (202). Pure spectrin was radio-
1 25 
labeled with Na I by the well known chloramine T method 
and stored at 0°C after removing free unbound iodine by 
gel filtration chromatography. Erythrocytes were washed 
three times with PBS with removal of the buffy coat and 
suspended to a hematocrit of 10%. Aliquots of this sus-
pension were removed and counted. Aliquots of erythrocyte 
1 25 
suspensions, pure spectrin and I labelled spectrin 
were separately dissolved and incubated at 60°C for 10 
min in PBS containing 1% (W/V) SDS and then diluted at 
least 40 fold in radioimmunoassay buffer (150 mM NaCl, 
10 mM sodium phosphate, 1 mM EDTA, 1 mM NaN^, 1% (V/V) 
Triton X-100, pH 7.5). The assay was performed in glass 
tubes (12 X 100 mm) containing radioimmunoassay buffer 
1 25 
with 5,000 counts of I-spectrin, varying dilutions 
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of host erythrocyte lysate or pure spectrin, antispectrin 
antiserum (1:100 dilution), normal rabbit serum (1:10 
dilution) and anti rabbit IgG serum (1:100 dilution) were 
used. Radio-labeled spectrin was added after 2-3 h incu-
bation with unlabeled spectrin of the red cell lysate. 
2nd antibody was added and the pellet was packed at 3,000 
g for 10 min. Prior to dilutions the labeled and unlabeled 
spectrin were treated with 1% (w/v) SDS and then diluted 
with radio-immunoassay buffer forty times. The packed 
pellet was washed with 4 ml of 2 M urea, 1% Triton X-100 
and 0.1 M glycine. The washed pellets and the first super-
natants were measured for their radioactivity in an LKB 
gamma counter. All other procedures were according to 
the method of Agre et al (210). 
Immunoblottinq: 
Host erythrocyte membrane proteins were electro-
phoretically transferred from polyacrylamide SDS gels 
to nitrocellulose paper as described by Towbin et a_l (211). 
Briefly, membrane proteins were electrophoresed in the 
first dimension by the method of Laemmli (203). The pro-
teins were then transferred to intracellulose paper (211). 
The electrode buffer used contained 25 mM Tris, 192 mM 
glycine, 20% (V/V) methanol (pH 8.3). Staining of blotted 
proteins was done with amido black (0.1% in 45% methanol, 
10% acetic acid) and then destained with 90% methanol 
and 2% acetic acid. 
The electrophoretic blots (usually not stained 
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with amido black) were soaked in 3% BSA in saline (0-9% 
NaCl, 10 itiMTris-HCl, pH 7.4) for 1 h at 40 °C to saturate 
additional protein binding sites. They were rinsed in 
saline and incubated with antiserum appropriately diluted 
with 3% BSA in saline (1:10 dilution). The strips were 
then washed with Tris/saline buffer (3 times) followed 
by two more Tris/saline washes but in the presence of 
0.05% (V/V) Triton X-100. These were again washed three 
times with Tris/saline buffer. The strips were then soaked 
in Tris/saline buffer containing 0.05% Triton X-100 and 
the goat anti rabbit IgG antibody (1:100 dilution) for 
2 h, . The strips were washed three times with Tris/saline 
buffer. 4-Chloro-1-naphthol was used to develop the colour. 
Glutamate dehydrogenase assay: 
The lytic effect of 20 mM sodium phosphate (pH 
7.4) on the parasite was determined by lysing the infected 
erythrocytes, and pelleting the parasite at 750 g. The 
pellet was immediately washed with PBS (5 mM sodium phos-
phate, 155 mM NaCl, pH 7.4) three times. An aliquot of 
this pellet was sonicated in 20 mM sodium phosphate buffer 
(pH, 7.4) in ice-cold condition and suspension centrifuged 
at 20,000 g (30 min). The supernatant was used for stan-
dard assay of glutamate dehydrogenase activity. Parasite 
contamination in the membrane preparation was checked 
by taking 200 ;jg of host cell membrane protein and 200 M I 
of parasite lysate (obtained after sonication) in separate 
glass tubes. To these tubes, 0.2 ml of ammonium acetate 
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( 1M stock) and 0.10 ml of NADH (2 mM stock) was added. 
The volume of the assay system was then made to 1.7 ml 
with 20 mM sodium phosphate (pH, 8.0). After measuring 
the preliminary non-specific reaction at 340 nm, 0.30 
ml of the substrate, oC-ketoglutarate (100 mM stock/pH 
8.0), was added and change in optical density at 340 nm 
was recorded. Conversion of NADH to NAD at 340 nm was 
used as the criteria of enzyme activity (212). 
Protein determination: 
The concentrations of proteins were determined 
by the method of Lowry et a]^ (213) using bovine serum 
albumin as the standard. 
Quantitation of Coomassie-Blue stained proteins in 
polyacrylamide gels: 
Elution of dye was performed by the method of 
Fenner et^ aj^  (214). Briefly, elution of dye was performed 
by cutting out the stained bands, macerating them, and 
extracting the dye with 25% pyridine in water (V/V). 
All other experimental conditions were the same 
as described by Agre et aJ. (210). The eluted dye was 
analysed for absorbance at 605 nm and total absorbance 
was calculated. 
6 7 
RESULTS: 
Purity of infected erythrocytes and their membranes: 
Since the success of the proposed study largely 
depended on the purity of the infected erythrocytes and 
their membranes, extreme precautions were taken to separate 
parasitized cells from the nonparasitized erythrocytes 
and leucocytes. Parasitized cells were separated from 
the nonparasitized cells by Ficoll-Conray gradient centri-
fugation as described in Materials and Methods. The parasi-
tized cells thus obtained were contaminated with less 
than 0.1% leucocytes and about 2-10% nonparasitized erythro-
cytes [Fig. 12]. 
The membranes recovered from P. knowlesi-infected 
erythrocytes after differential centrifugation were vir-
tually free of parasites as judged by light microscopy 
and also on the basis of parasite marker enzyme, glutamate 
dehydrogenase. No enzyme activity was detected in any 
of the membrane preparations. 
Affigel-731 beads, used to get pure form of host 
erythrocyte membrane, gave poor yield in our hands. Neu-
tralization of the bare positive charges on the beads 
with dextran sulfate caused the desorbtion of the host 
erythrocytes from the beads. The host erythrocytes mem-
branes recovered from the beads, (no dextran sulfate used) 
showed extra protein bands when compared with the membranes 
prepared by the method of Wiser et a]^ (215). 
Host membrane protein composition: 
Fig. 12 : Light micrograph of ^. knowlesi-infected 
monkey red cells after staining with Giemsa. 
A, interference-contrast micrograph of normal 
monkey erythrocytes; B, ring-infected cells; 
C, trophozoite-infected cells; D, schizont-
infected cells. 
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The changes in the host erythrocyte membrane protein 
composition were analyzed by SDS-polyacrylamide gel electro-
phoresis. No significant changes seemed to occur in the mem-
brane proteins of the host erythrocyte at any stage of the 
P. knowlesi infection, viz trophozoite and schizont (Fig. 13) 
Densitometric scans of these gel patterns showed 
no decrease in the concentrations of spectrin (band 1 & 2) 
and band 3 (Fig. 14, 15). The intensities of bands 4.1 
and 4.2 were also found virtually unchanged. The intensity 
of band 6 was decreased in the infected erythrocyte mem-
branes while it increased for band 7. 
The spectrin/band 3 ratios were determined by pyri-
dine dye elution method and also by densitometry (Table 
1 , 2) . The results shown in Table 1 , 2 reveal that there 
is no major change in the spectrin/band 3 ratio in membranes 
of P.knowlesi-infacted erythrocytes. However, these mem-
branes contained some new proteins which were absent in 
the normal erythrocytes. The apparent molecular weights 
of these new proteins, as determined by SDS-PAGE, were 
about 163 kDa, 107 kDa, 9 0 kDa, 7 0 kDa, 5 5 kDa and 2 3 kDa 
(Fig. 13). 
To find out whether the new proteins observed here 
are of the parasite origin, the uninfected and infected 
erythrocytes, their respective membranes and cytosols were 
subjected to SDS-polyacrylamide gel electrophoresis (Fig. 
16). Fig. 16 reveals that proteins corresponding to the 
molecular weights of 163 kDa, 90 kDa, 55 kDa and 23 kDa 
were present only in infected erythrocytes but not in 
Fig. 13 : A - SDS - polyacrylamide gel electro-
phoresis of erythrocyte membrane 
proteins from 
a - Normal human red cell 
b - Normal monkey red cell 
c - Trophozoite-infected monkey red cell 
B - SDS - polyacrylamide gel electro-
phoresis of erythrocyte membrane 
proteins from: 
a - Normal human red cell 
b - Normal monkey red cell. 
c - Schizont-infected monkey red cell. 
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Fig- 14 : Densitometric scans of Coomassie Blue stained 
(SDS-polyacrylamide gel electrophoresis) gels 
of erythrocyte membrane prepared from: 
A - Normal monkey erythrocyte. 
B - Trophozoite-infected , monke.y^  exyihroc^ ite._ 
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Fig. 15 : Densitometric scans of Coomassie Blue stained 
(SDS-polyacrylamide gel electrophoresis) gels 
of erythrocyte membrane prepared from: 
A - Normal monkey erythrocyte. 
B - Schizont-infected monkey erythrocyte. 
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the normal cells. A protein of 70 kDa molecular weight 
was of host cell's cytosol origin (Fig. 16). 
ISentiflcation of neo-protein by crossed-immuno-
electrophoresis; 
To examine the possibility of spectrin degradation 
in the parasitized erythrocytes, the proteins separated 
in the first dimension of SDS-PAGE were electrophoresed 
in the second dimension in the presence of antispectrin 
rabbit antiserum. Result of these experiments with trophozoite 
and schizont-infected erythrocytes are shown in Fig. 17 and 
Fig. 18. Fig. 18 shows that anti-spectrin antibodies 
cross-reacted with spectrin bands only. Only the bands 
1 and 2 cross-reacted with these antibodies. These results 
confirm the present finding that spectrin remains unaltered 
in ^. knowlesi - infected erythrocytes. 
These results are in contrast to the earlier find-
ings of Wallach and Conley (151) but are consistent with 
the observation of Harvey Eisen (216) who predicted that 
spectrin is not modified in £. chabaudi-infected murine 
erythrocytes. 
Identification of spectrin degradation by inununoblottinq: 
Possible spectrin degradation in P. knowlesi-
infected whole erythrocytes and in isolated erythrocyte 
membranes was checked by immunoblotting, using antispectrin-
antiserum. The immunoblots of normal and parasitized 
erythrocytes and their corresponding membranes reveal 
no differences between them (Fig. 19, 20), ruling out 
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Table 1 : Quantitation of spectrin/band 3 ratio by pyridine 
dye elution method (214) 
State of infection Spectrin/band 3 ratio 
Normal 1.15 ± 0.20 
Trophozoite 1.24 + 0.15 
Schizont 1.14 + 0.12 
Values shown are means of 3-4 determination + SE 
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Table 2 : Quantitation of spectrin/band 3 ratio by densito-
metry in host erythrocyte membrane 
State of infection Spectrin/band 3 ratio 
Normal 1.11 + 0.12 
Trophozoite 1.22 ± 0.02 
Schizont 1.17 ± 0.37 
Values shown are means of 3-4 determination + SE 
Fig. 16 : SDS-polyacrylamide gel electrophoresis of 
erythrocyte membrane proteins and parasite 
containing red cells. Lane 1, 2, 3 contains 
normal, nonparasitized and schizont-infected 
red cell membrane proteins respectively. 
Lane 4, 5, 6 contain normal, nonparapsitized 
and schizont-infected whole red cell proteins, 
respectively. Lane 7, 8, 9 have the respect-
ive cytosols of normal, nonparasitized and 
schizont-infected red cells. 
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Fig. 17 : Crossed-immunoelectrophoretic analysis using 
anti-spectrin antiserum. SDS-polyacrylamide 
gel electrophoresis of membrane proteins (with 
arrows pointing in the anodic direction) 
was followed by immunoelectrophoresis in 
the second dimension (anode on top). 
A - Normal monkey red cell membrane. 
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Fig. 18 : Crossed-immunoelectrophoretic analysis using 
anti-spectrin antiserum. SDS-polyacrylamide 
gel electrophoresis of host membrane proteins 
(with arrows pointing in the anodic direction] 
was followed by Immunoelectrophoresis in 
the second dimention (anode on top). 
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Fig. 19 : Westernblot analysis of spectrin and its 
degradation products, if any, in schizont-
infected erythrocyte (whole cell) and the 
host erythrocyte membrane using anti-spectrin 
antiserum. 
A - Lane 1 and 2 contain schizont-infected 
and normal monkey erythrocytes (amido 
black staining). Lane 3 and 4 contain 
schizont-infected and normal monkey ery-
throcytes (immunoblots). 
B - Lane 1 and 2 contain schizont-infected 
and normal monkey erythrocyte membranes 
(amido black staining). Lane 3 and 4 
contain schizont-infected and normal 
monkey erythrocyte membranes (immunoblots). 
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the possibility of spectrin degradation in P. knowlesi-
infected erythrocytes. The immunoblots of cytosols from 
schizont-infected erythrocytes showed two protein bands 
of about 78 kDa and 25 kDa which cross reacted with anti-
spectrin antiserum (Fig. 20). 
Spectrin-actin extractability from host erythrocyte membrane; 
Red cell membrane skeleton was extracted from 
parasitized (schizont) and normal erythrocytes by low 
ionic strength buffer under identical conditions. The 
extractability of the membrane skeleton from the membranes 
of the parasitized cells was similar to that of the normal 
cells (Table 3). This indicates that membrane skeleton-
bilayer interactions are not significantly altered in 
the infected erythrocytes. 
The SDS-PAGE electrophoretogram of spectrin-actin 
extract showed no neo-proteins of parapsite origin, which 
is evident in Fig. 21. This finding shows that the neo-
proteins associated with host membrane are either nonextra-
ctable or are associated with spectrin and actin.(nonfextracted; 
Spectrin structure in infected erythrocytes; 
Malaria parasite-induced structural changes in 
spectrin were ascertained by analysing spectrin dimer-to-
tetramer ratio in the crude (4°C) spectrin-actin extracts 
on non-denaturing gels, followed by two dimensional SDS-
PAGE to analyze the protein composition. Fig. 22 shows 
that spectrin in the normal monkey erythrocyte membrane 
spectrin-actin extracts (4°C) exists mainly as oligomers 
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Table 3 : Cytoskeleton extratability from the host cell 
membrane 
Extraction temperature 0-4°C for 36 h 
Source of membrane % Extractability 
Normal erythrocyte 14.80 ± 1.28 
Schizont-infected 13.22 ± 1.80 
erythrocyte 
Values are means of 3 determinations ± SE 
Fig. 20 : Westernblot 
degradation 
analysis 
products. 
of 
if 
spectrin 
any, in 
and its 
schizont 
infected erythrocyte (whole cell) and their 
respective cytosols using anti-spectrin anti-
serum. 
A - Lanes 1-4 contain schizont-infected erythro-
cyte cytosol, normal erythrocyte cytosol, 
schizont-infected erythrocyte and normal 
monkey erythrocyte respectively (amido-
black staining). 
B - Lanes 4-1 contain schizont-infected erythro-
cyte cytosol, normal erythrocyte cytosol, 
schizont-infected erythrocytes and normal 
monkey erythrocytes respectively. 
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Fig. 21 : Purified spectrin from: 
A - Normal monkey erythrocytes. 
B - £. knowlesi-infected erythrocytes. 
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Table 4 : Spectrin organisation in parasitized monkey 
erythrocytes (tetramer/dimer ratio) 
Cells 
Spectrin (%) 
Oligomer + Tetramer Dimer 
Normal 
Ring 
Trophozoite 
Schizont 
97.87 + 0.53 
98.80 ± 0.89 
93.16 + 2.06 
98.51 ± 0.21 
2.13 + 0.53 
1.20 ± 0.89 
6.80 ± 2.06 
1.49 ± 0.21 
Values shown are means of 3-4 determination + SE 
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and tetramers, and to a small extent as dimers. Spectrin 
organization was studied in low-ionic strength extracts 
of monkey erythrocytes membrane in ring, trophozite and 
schizont stage of the ^. knowlesi-infection. Native gel 
electrophoresis of spectrin-actin extracts shows no signifi-
cant difference in the tetramer-to-dimer ratio in parasiti-
zed cells in any stage of the P. knowlesi-infection (Fig. 
22, 23, 24). Densitometric analyses of the above gels 
indicate that in parasitized erythrocytes considerable 
fraction of spectrin is present in the tetrameric and 
oligomeric forms (Table 4). No significant amount of 
spectrin was detected in dimeric form in these infected 
cells. Position of the dimer band was judged by comparing 
its mobility with the dimers present in spectrin of normal 
erythrocytes (Fig. 22, 23, 24). The two dimensional gel 
electrophoresis of the spectrin-actin extract derived 
from the infected erythrocyte membranes showed only spectrin 
and actin. 
Spectrin organization in infected erythrocytes 
was analyzed also by the gel-filtration over Sephorose 
CL-4B. Fig. 25 shows the elution pattern of spectrin-actin 
extract from Sepharose CL-4B column. The first peak is 
comprised of spectrin-actin complex and higher order spe-
ctrin oligomers while the second peak contains the spe-
ctrin tetramers. These elution profiles remain unchanged 
when spectrin-actin extracts (from schizont-infected ery-
throcyte membrane) were analyzed under identical conditions 
Fig. 22 : Analysis of the spectrin tetramer-dimer ratio 
in P. knowlesi-infected erythrocyte membrane 
skeleton extracts. 
A - Normal erythrocyte membrane skeleton 
extract (37°C). 
B & C - P_. knowlesi-infected erythrocyte 
membrane skeleton extract (0-4°C) 
in ring stage. 
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Fig. 23 : Analysis of the spectrin tetramer-dimer ratio 
in P. knowlesi-infected erythrocyte membrane 
skeleton extracts. 
A & B - Normal erythrocyte membrane skeleton 
extracts (0-4°C). 
C & D - P_. knowlesi-infected erythrocyte 
membrane skeleton extracts (0-4°C) 
in trophozoite stage. 
E - Normal erythrocyte membrane skeletal 
extract (37°C). 
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Fig. 24 : Analysis of the spectrin tetramer-dimer ratio 
in P^. knowlesi-inf ected erythrocyte membrane 
skeleton extracts. 
A - Normal erythrocyte membrane skeleton 
extracts (0-4°C). 
B & C - £• knowlesi-infected erythrocyte 
membrane skeleton extract (0-4°C) 
in Schizont stage. 
D - Normal erythrocyte membrane skeleton 
extract (37°C) 
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(Fig. 26). The 37 °C spectrin-actin extract was analyzed 
to find out the elution pattern of dimers on the same 
column. The extract contained two major and one minor 
peaks (Fig. 25). The second peak was broad and shifted. 
Native gel electrophoresis and gel filtration 
chromatography experiments indicate that there is no signi-
ficant alteration in spectrin organization in the host 
erythrocyte membranes. Also, the tetramer-dimer equili-
brium remains unchanged upon infecting the erythrocytes 
with P. knowlesi. 
Quenching of spectrin tryptophan fluorescence by iodide; 
Quenching of spectrin tryptophanyl fluorescence 
by quenchers, such as iodide, has been used to ascertain 
the gross structural changes, if any, after £. knowlesi 
infection. The quenching of the tryptophanyl fluorescence 
in native and infected erythrocyte spectrin was observed 
with increasing iodide concentration. A linear relation 
ship between quencher concentration and fluorescence inten-
si-^ ,y was observed. This implies that all the tryptophan 
residues ir\ spectrin are present in similar environment 
These results vTien plotted accordng to the modified Stern-
Volmer relationship Fig. 27, showed an intercept of 1.00 
[fa (eff) 1.00] for infected erythrocyte spectrin at all 
the three stages of infection, suggesting that the environ-
ment of tryptophan residues in monkey spectrin is not 
much affected by development of the parasite inside the 
host red cells. 
Fig. 25 : Elution pattern of monkey erythrocyte cytoskele-
ton from Sepharose CL-4B column. Samples 
(2 mg protein) loaded on the columns were 
extracted at (0-4°C) and (37°C) for 36 h and 
30 min. respectively. 
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Fig. 26 : Elution pattern of 4°C cytoskeleton extract 
from Sepharose CL-4B column: 
A - From monkey red cell 
B - From schizont-infected red cell 
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Fig. 27 : Modified Stern-Volmer plots of tryptophan 
quenching by potassium iodide of spectrin 
isolated from P. knowlesi-infacted monkey 
erythrocyte in: 
[A] Normal [B] Ring [C] Trophozoite 
[D] Schizont 
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Radioinimunoassay of spectrin in parasitized erythrocytes: 
Quantitation of monkey erythrocytes spectrin was 
done by radioimmunoassay as described by Agre et al^  
(210) with slight modification. These erythrocytes were 
5 
found to contain about 1.67 x 10 copies of spectrin hetero-
dimers per cell. When, the same protocol was used to 
assay spectrin in the schizont-infected erythrocytes, 
no displacement of hot spectrin could be observed. 
DISCUSSION: 
The structure and functions of the red cells are 
controlled by the interaction of the membrane bilayer 
with the underlying membrane skeleton. Any attempt to 
deform the red cells is resisted by the membrane skeleton 
which is a meshwork of three major and several minor pro-
teins of which spectrin is the major structural constituent. 
Therefore, it was commonly believed that to facilitate 
its entry into the host erythrocyte, the malaria parasite 
could structurally modify the host cell membrane skeleton. 
(205, 206, 217). 
Earlier studies have shown that membrane skeletal 
protein, spectrin is degraded in the infected erythrocytes 
(161, 157, 179). This observation has generally been 
used tc explain the altered membrane skeleton-bilayer inter-
action in the infected cells. However, no precaution 
was taken in these studies to eliminate the possibility 
of host cell membrane protein degradation by the parasite 
proteases which will be released upon lysing the cells 
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during the process of membrane preparation. It is likely 
that the spectrin degradation observed by these authors 
was caused during the membrane preparation, rather than 
by the intracellular parasite in intact cells. To examine 
this possibility, a careful analysis of erythrocyte membrane 
proteins was undertaken in both normal and malaria-infect-
ed monkey red cells. Results of these studies clearly 
show that spectrin-to-band 3 ratio remains virtually un-
altered after infection of the erythrocyte with the malarial 
parasite. This finding is in agreement with the findings 
of Eisen et a]. (216) but it contradicts the studies of 
other workers on this subject (161, 157). The main reason 
for this variance is probably the fact that these authors 
exercised no precautions to stop the proteolytic degrada-
tion. 
That spectrin is not altered or degraded in the 
infected cell was further confirmed by immunochemical 
analysis. Spectrin was purified from normal red cells 
and antibodies to this protein were raised in rabbits. 
The anti-sera so-obtained was used to identify proteins 
related to spectrin, if any, by crossed-immunoelectropho-
resis. Results of these studies have revealed that the 
spectrin-specific antibodies react with no other protein 
than spectrin. This observation also indicates that the 
new proteins seen in the membranes of infected red cells 
are not related to spectrin. However, their origin due 
to parasite contamination in the host erythrocyte membrane 
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cannot be ruled out. 
Spectrin degradation in parasitized cells was 
further ruled out by immunoblot analysis using -antispectrin-
antiserum. No other bands than the spectrin were seen 
in the immunoblots. Also, no difference was observed 
between the immunoblots of whole infected erythrocytes 
and normal erythrocytes. 
Spectrin organization was studied in £. knowlesi 
infected monkey erythrocytes by quantitating tetramer-
dimer ratio in these cells because this ratio has been 
shown to change when spectrin undergoes structural abnor-
mality (218, 219). In the infected cells, the tetramer-to-
dimer ratio was similar to that observed in the normal 
rhesus moakey erythrocytes. This was confirmed by the 
native gel electrophoresis aid also by gel filtration chro-
matography. It may, therefore, be inferred that spectrin 
organization is act altered by the parasite either during 
invasion or during its. development in the host erythrocyte. 
Studies of tryptophan quenching in proteins can 
provide valuable information on the structure and dynamics 
of the protein in solution (220, 221). The Stern-Volmer 
plots of normal and parasitized erythrocyte spectrin reveal 
that all the tryptophanyl residues that are .tccessible 
to the quencher are present in a simi l.ar environment. 
This means that the environment of tryptophan residues 
in host erythrocyte spectrin was unaltered by the entry 
and subsequent growth of the parasite insides the cells. 
% 
To investigate whether there is any change in 
the intensity of interaction between the membrane bilayer 
and membrane skeleton, the extractability of the membrane 
skeleton from the infected and normal erythrocyte ghosts 
was measured, since it should grossly depend on these 
interactions. As there was no change in the extractability 
of the membrane skeleton after the infection, it may be 
inferred that the interactions of the membrane bilayer 
with the membrane skeleton are probably not affected in 
the infected cells. 
This study shows that the major membrane skeletal 
protein, spectrin, is not structurally modified by the 
malarial parasite. Therefore, for its entry and subsequent 
growth, the parasite should employ some other mechanisms 
than the spectrin degradation to alter the host erythrocyte 
cytoskeleton. It may secrete some proteins which could 
span the membrane bilayer as well as can interact with 
the membrane skeleton. These interactions in turn could 
then modify the host cell membrane deformability. Such 
proteins have already been shown to be secreted by P. 
falciparum during invasion (222). Alternatively, the 
external parasite can induce expansion of the host cell 
membrane bilayer by secreting lipids on the surface of 
the membrane bilayer which, would then affect the membrane 
bilayer-skeleton interactions. That Plasmodium secretes 
lipids during invasion has recently been demonstrated 
in case of P. falciparum (223)and earlier in case of P. 
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knowlesi (193). Besides these possibilities, it may also 
be envisaged that the external parasite could secrete 
some proteolytic enzymes into the host cell cytosol by 
some as yet unknown mechanism which could result in degra-
dation of some strategic proteins, like ankyrin. Finally, 
the parasite could secrete some water soluble proteins 
which may compete for binding with cytoskeleton proteins. 
However, the present study is not sufficient to distinguish 
between these possibilities. 
The present study also has impact on the mechanisms 
that regulate the transbilayer movement of phospholipids 
in the erythrocyte membrane. In normal erythrocytes, 
it is believed that these movements are controlled by 
the interaction of the aminophospholipids with spectrin 
(36, 145, 224, 225). In cases where spectrin becomes 
abnormal, the aminophopholipids which are normally located 
almost exclusively in the inner-monolayer tend to partially 
migrate to the outer surface (226, 227). In malaria-infect-
ed cells, it has earlier been shown that the phospholipid 
movement across the membrane bilayer is significantly 
enhanced (193, 194). Since, spectrin in infected erythro-
cytes is not structurally altered, it would seem that 
the spectrin-phospholipid interactions in the erythrocytes 
have no primary role in regulating the transmembrane move-
ments of the various phospholipids within the membrane 
bilayer. 
C H A P T E R I I I 
MEMBRANE GLYCOPROTEINS IN 
P. KNOWLESl - INFECTED ERYTHROCYTES 
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AIMS AND OBJECTIVES: 
Malaria parasite introduces structural alterations 
in glycoproteins of the host erythrocyte to fascilitate 
its entry and subsequent growth inside the cells. Also* 
it introduces in the host cell membrane new proteins 
which serve as the new permeability pathways for entry 
of the nutrients that are essentially required for its 
growth and development. These changes include intensifi-
cation and reduction of some existing PAS-staining proteins, 
appearance of some new PAS staining bands, decrease in 
the sialic acid content, and alterations in some transport 
systems. 
In light of all these observations, the present 
study was undertaken to give a more complete description 
of the host cell plasma membrane glycoproteins, taking 
the following objectives into consideration: 
(i) Examination of glycoprotein pattern and anion trans-
port protein degradation in the host cell plasma 
membrane; 
(ii) Isolation and purification of the anion transport pro-
tein from both the normal and infected erythrocytes and 
analysis of amino acids and carbohydrate compositions 
in the purified protein; 
(iii) State of association of anion transport protein 
fx;ova P. knowlesi-infected monkey erythrocytes in 
non-ionic detergent. 
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MATERIALS: 
Chymotrypsin, trypsine, L-cysteine, 1,1-di-ethyl-3-
[ ( dimethylamino ) propyl] carbodimide , p-( chloromercuri ) 
benzoic acid, periodic acid-Schiffs reagent, Triton X-100 
were purchased from Sigma Chemical Company. Ethylene-dia-
mine dihydrochloride was purchased from Eastman Kodak. 
Cellex-D was obtained from Bio-Rad. N-Acetylneuraminic 
acid was puprchased from Aldrich Chemical Company. C^^EQ 
trade name (BL-9EX) was obtained from Nikko Chemicals. 
All other reagents and chemicals used were of the highest 
purity available. 
METHODS 
Periodic acid-Schiffs staining of gels: 
The carbohydrate-specific staining of polyacrylamide 
gels was performed essentially according to Fairbanks 
et al (54). Because, a high concentration of SDS produced 
an intense background, the SDS was removed before PAS 
staining by suspending the gel in the following solutions 
(not less than 50 ml/gel) at the room temperature for 
the stated times (1) 25% isopropyl alcohol, 10% acetic 
acid, overnight, (2) 10% isopropyl alcohol, 10% acetic 
acid, 6-9h, (3) 10% acetic acid, overnight. After this 
treatment, the gels were treated with the staining reagent 
with gentle shaking at room temperature in the following 
sequence (1) 0.5% periodic acid, 2h; (2) 0.5% sodium 
arsenite, 5% acetic acid, 30-60 min; (3) 0.1% sodium arse-
nite, 5% acetic acid, 20 min, two times; (4) 5% acetic 
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acid, 10-20 min, two times. The gel were then soaked 
in the Schiff's reagent overnight. , Rose-pink bands appear-
ed after S-IOmin staining "with Schiff'>s reagent overnight. 
The reagent was removed by soaking the gel strips in 0.1% 
sodium metabisulphite in 0.01 N HCl with intermittent 
changes. 
Purification of cytoplasmic domain of band 3 from monkey 
erythrocyte membrane; 
Cytoplasmic domain of monkey erythrocyte membrane 
band 3 was purified following the method of Steck (120). 
Briefly, spectrin-depleted vesicles were used in the present 
study, and the following sequence was used to purify the 
cytoplasmic domain of band 3: 
(i) peripheral proteins were removed with 1% (V/V) acetic 
acid for 20 min at 24°C. 
(ii) Acid-stripped vesicles were washed once with 100 mM 
sodium phosphate and then with 7.5 mM sodium phos-
phate, 0.2 mM DTT (pH, 7.5). 
(iii) The above membrane was digested for 30 min on ice 
with 1 ug/ml of oCchymotrypsin. 
(iv) The vesicles and the released polypeptides were 
mixed with DE-52 cellulose (equiliberated with 7.5 
mM sodium phosphate, pH 7.5) for 15 min and 
collected by centrifugation. 
(v) The cellulose was washed with 7.5 mM sodiumphosphate 
buffer (pH 7.5) containing additional 100 jug of 
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PMSF/ml and 0.2 mM DTT to remove trapped vesicles. 
(vi) The above slurry was poured into a column and cyto-
plasmic domain of band 3 was eluted with a linear 
gradient of 500 mM KCl at a flow rate of 20 ml/h. 
(vii) The peak fractions eluting between 250 mM and 320 
mM KCl were pooled and dialysed against 7.5 mM phos-
phate buffer (pH 7.5). 
(viii) Purity of the cytoplasmic domain of band 3 was 
checked by SDS-polyacrylamide gel electrophoresis 
(Fig. 28). 
Polyclonal antibodies against band 3; 
Rabbits were immunized by primary subcutaneous inje-
ction of 1 ml of cytoplasmic domain of band 3 (1 mg protein) 
plus 1 ml of Freund's complete adjuvant divided among 
four injection sites. 
Booster injections consisted of cytoplasmic domain 
of band 3 {1 mg protein) and incomplete Freund's adjuvant 
(one ml each). The animals were bled after four weeks. 
Crossed-immunoelectrophoresis; 
Band 3 degradation in P. knowlesi-infected erythrocyte 
membrane was checked by crossed-immunoelectrophoresis 
using polyclonal anticytoplasmic domain band 3 antiserum. 
The method used was essentially similar to that described 
previously, except that the anti-band 3 antiserum was 
used. 
Fig. 28 : SDS-Polyacrylamide gel electrophoresis of 
purified monkey band 3 cytoplasmic domain 
after DEAE-cellulose ion exchange chromato-
graphy. 
A & B contain normal monkey erythrocyte 
membrane. 
X & Y Fractions containing 41-43 kDa cyto-
plasmic domain of monkey band 3. 
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Purification of band 3; 
(1) Preparation of [[p-(chloromercuri) benzamide] ethyl]-
Agarose 4-B 
This preparation was carried out according to Lukacovic 
et al (229). The affinity column was prepared in the 
following order. 
(i) to a 100 ml mixture of washed Agarose-4B and water 
(equivalent volumes) was added 5.0 g of CN-Br 
partially dissolved in 20 ml of water, and the pH 
was adjusted to and kept at 11.0 with 4N NaOH. 
(ii) The temperature was maintained at 20 °C by the addi-
tion of ice. 
(iii) After about 13 min a large amount of ice was 
added and washed with 1.5 1 of chilled water. 
(iv) Ethylenediamine dihydrochloride (5.36 gm, 40 mMol) 
dissolved in 100 ml of cold water (pH adjusted to 
10.0 with 4N NaOH) was quickly added to gel and 
this was stirred gently at 4-8°C for 16 h. 
(v) The gel was washed with 4 1 of water at room tempera-
ture to free it from ethylenediamine dihydrochloride. 
(vi) To 50 ml of aminoethyl-agarose 4B in 90 ml of 40% 
dimethylformamide (DMF) was added 1.00 g (2.81 mmol) 
of p-(chloromercuri)-benzoic acid (PCMB) and the 
pH was adjusted to 4.80. 
(vii) 1,1-Diethyl-3- (diethylamino)-propyl carbodiimide 
(1.35 gm; 7.04 mmol) was then added to the suspension 
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and stirred gently for 1 h at room temperature main-
taining the pH at 4.80 with IN-HCI. 
(viii)The reaction was allowed to proceed overnight at 
room temperpature. The gel was then filtered and 
washed with 4 1 of 100 mM sodiumbicarbonate (pH 
8.8) over a 6-8 h period. 
(ix) p-CMB coupling procedure was repeated again including 
the washing procedure. 
(x) The gel was stored in water with 0.02% sodium azide 
at 4°C. 
(2) Preparation of ghosts: 
Host erythrocyte plasma membrane was prepared as 
has been discussed earlier in the previous chapter. 
(3) High-salt wash and Triton X-100 extraction; 
Host red cells membranes were washed once each with 
5 mM sodium phosphate (pH, 8.0) and 150 mM sodium chloride, 
5 mM sodium phosphate (pH 8.0) buffers, and then centrifuged 
at 27,000 g for 20 min. The pellet was dissolved in 3 
volumes of 36 mM sodium phosphate, 0.5% Triton X-100 (pH 
7.5) and kept overnight at 0°C. The supernatant was col-
lected carefully after centrifugation at 30,000 g for 
2 0 min and used for ion-exchange chromatography. 
(4) Ion exchange chromatography: 
DEAE-cellulose obtained from Bio-Rad (Cellex D) 
was prepared for use as described by Lukacovic et al. (229) 
The Triton extract was applied to the cellex D column 
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(1.7 cm X 15 cm) and the effluent was reapplied at a flow 
rate of 30 ml/h. The column was washed with 5 0 ml of 
36 mM sodium phosphate containing 0.5 % Triton (pH 7.50), 
and some protein eluted at this time. And, the remaining 
protein was eluted with 150 mM sodium phosphate, 150 mM 
sodium chloride containing 0.5% Triton (pH, 7.50), and 
this fraction which included band 3, band 4.2 and glycopho-
rins was applied to the p-CMB affinity column. 
(5) Affinity Chromatography; 
(i) The ion-exchange chromatography fractions were imme-
diately applied to the affinity column (2x1 cm) 
at a flow rate of 30 ml/h. All subsequent steps 
were carried out at maximum flow rate. 
(ii) The column was washed with 20 ml each of 150 mM 
sodium phosphate, 150 mM sodium chloride, 0.5% Triton 
X-100 (pH 7.50) buffer and 36 mM sodium phosphate, 
0.5% Triton (pH 7.50) buffer. 
(iii) Pure band 3 was eluted with 0.1 mM cysteine, 36 
mM sodium phosphate buffer (pH, 7.50) containing 
0.5% Triton (prepared just before use) and 2 ml 
fractions were collected. The purity of the band 
3 was tested by SDS-polyacrylamide gel electropho-
resis. Dialysis of purified band 3 was done in 
36 mM sodium phosphate buffer (pH, 7.50) in the 
presence of 0.5% Triton X-100 and 15 mM B-mercapto-
ethanol. 
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Electrophoresis 
(i) Sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis: 
SDS-polyacrylamide gel electrophoresis was carried 
out according to the method of Laemmli (203) as discussed 
in the previous chapter. 
(ii) Native gel electrophoresis of band 3 and two dimensional 
electrophoresis: 
The state of association of band 3 (from host erythro-
cyte) in nonionic detergent was determined according 
to the method of Nakashimo and Makino (230). For this, 
3-15% linear gradient gels with bisacrylamide amounting 
to 3.2% by weight relative to total acrylamide concentra-
tion, were used. The gel buffer employed consisted of 
10 mM Tris, 80 mM glycine buffer, (pH 8.3) containing 
0.5% Triton X-100. Triton X-100 was excluded from the 
buffer in the electrode chamber. All other things were 
the same as described by Nakashimo & Makino (230). Two 
dimensional gel electrophoresis was done as described 
in the previous chapter. 
Assay of neutral sugar; 
Neutral sugar in the purified band 3 was assayed 
according to the phenol sulfuric acid method of Dubois 
et al (231 ) . 
Assay of proteins: 
Protein estimation was doae by the methods of Yu 
& Steck (232) and Lowry et a_l (213). For samples containing 
107 
Triton X-100, 3% sodium dodecyl sulfate was added to the 
alkaline copper reagent to prevent the formation of a 
yellow precipitate. 
Sialic acid assay: 
Sialic acid was determined according to the method 
of Warren (233). The hydrolysis of proteins was done 
in 0.1 N H2S0^ at about 80°C for 1 h. 
Amino acid analysis: 
Amino acid analysis was carried out using an LKB/4101-
110 Amino acid Analyser. Purified band 3 samples were 
dialyzed against distilled water for 48 h and were lyophi-
lized. Lyophilized protein samples were hydrolysed in 
6N HCl at about 110-120°C for 48 h. All other procedures 
were the same as described by Steck (52, 120). 
Fluorescence spectra; 
Fluorescence spectra of purified host band 3 was 
recorded according to the method of Nakashima and Makino 
(235). 
RESULTS: 
Analysis of the host cell membrane sialoqlycoproteins 
by periodic acid Schiffs (PAS) staining: 
The plasma membranes of erythrocytes infected with 
P.knowlesi were electrophoresed and stained with sialogly-
coprotein specific stain, periodic acid Schiff's reagent, 
as described in Materials and Methods. Fig.29 shows that 
the electrophoretograms of monkey erythrocyte plasma mem-
brane sialoglycoproteins are different as compared to 
Fig. 29 : Periodic acid Schiff's staining of monkey 
erythrocyte glycoproteins after SDS-polyacryla-
mide gel electrophoresis. 
A - Lane 3- 1 contain normal monkey erythrocyte, 
trophozoite-inf ected monkey erythrocyte 
and human erythrocyte membrane proteins 
respectively. 
B - Lanes 1-3 contain normal monkey erythro-
cyte, nonparasitized erythrocyte and 
schizont-infected erythrocyte membrane 
proteins respectively. 
A 
3 2 1 
B 
I 2 
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Table 5 : Composition of monkey/human Periodic Acid Schiffs 
staining proteins (densitometric analysis) 
Percentage of Periodic-Acid Schiff's stain (concentration) 
Band 
No. 
1 
2 
3 
4 
5 
Approxi-
mate mol 
weight 
83,500 
43,000 
41,000 
39,000 
21,000 
Normal 
human 
erythro-
cyte 
73.33 
2.664 
0.918 
7.063 
16.020 
Approxi-
mate mol 
weight 
90,000 
75,000 
65,500 
41,000 
Normal 
monkey 
erythro-
cyte 
15.131 
42.948 
15.237 
26.682 
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the human erythrocyte plasma membrane. The apparent mole-
cular weights of these sialoglycoproteins are shown in 
Table 5. 
The effect of P_. knowlesi infection on monkey erythro-
cyte plasma membrane sialoglycoproteins was examined at 
the trophozoite and schizont stage. No appreciable change 
in the staining pattern of glycoproteins could be observed 
in trophozoite or schizont-infected erythrocytes as com-
pared to normal cells (Fig. 29). 
Band 3 degradation in membranes of P. knowlesi-infected 
erythrocytes; 
Fig. 28 shows the electrophoretic pattern of purified 
form of cytoplasmic domain of band 3 on SDS-polyacrylamide 
gels. This domain consisted of a mixture of two peptides 
of 41 kDa and 43 kDa. Antibodies were raised in rabbits 
against these fragments. Two dimensional crossed-immuno-
electrophoresis was done as described in Materials and 
Methods. Fig. 30 shows identical precipitin bands in 
normal and parasitized erythrocyte immuno-electrophoreto-
grams. Anti-band 3 antiserum gave two precipitin bands 
in the band 3 and band 4.9 regions, suggesting that the 
band 4.9 has crossreactivity with antiband 3 antibodies. 
These observations also reveal that the new membrane pro-
teins of 70 kDa, 55 kDa and 23 kDa (discussed earlier) 
are not the degradation products of band 3. 
Band 3 purification and organization in P. knowlesi-infected 
erythrocyte: 
Solubilization of membrane proteins from human and 
Fig. 30 : Crossed - immunoelectrophoretic analysis using 
anti-band 3 antiserum. SDS-polyacrylamide 
gel electrophoresis of host membrane proteins 
(with arrows pointing in the anodic direction) 
was followed by Immunoelectrophoresis in 
the second dimension. 
A - Normal erythrocyte membrane 
B - Schizont-infected erythrocyte membrane 
I l l 
+ 
«.J^ 
a 
Band 3 
B 
Band 3 
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monkey erythrocyte ghosts was examined using two types 
of nonionic detergents, C.-^ Eg and Triton X-100. As shown 
in Fig. 31 C-^EQ and Triton X-100 extracted nearly the 
same amount of proteins from both the types of ghosts. 
This is in variance to the report of Nakashima and Makino 
(235) who reported C.„EQ as the preferred detergent for 
isolating the band 3 protein from bovine red cell ghosts. 
However, in the present case 0.5% Triton X-100 (in the 
extraction buffer) was found ideal for band 3 extraction 
with poor glycophorin extractability. 
Band 3 was purified from normal and £. knowlesi-
infected erythrocytes membranes under identical conditions 
as described in Materials and Methods. Lower molecular 
weight proteins were removed from the Triton extract by 
DEAE-cellulose chromatography. Glycophorin and band 4.2 
contamination was removed by affinity chromatography. 
Pure band 3 was eluted from the affinity column with 0.1 
mM cysteine. At higher cysteine concentration (50 mM) , 
band 4,2 coeluted with band 3. Purity of band 3 was checked 
by SDS-polyacrylamide gel electrophoresis and also by 
staining the gel with periodic acid-Schiff's reagent (Fig. 
32). Sialic acid content of purified band 3 was also 
assayed, and was found to be very low (2.77 n moles/mg 
of protein). This sialic acid was not due to any contamina-
tion but was attached to the band 3 protein. Table 6. 
shows that there is no significant decrease in the band 
3 sialic acid content after infection of monkey erythrocytes 
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Table 6 : Sialic acid content in infected erythrocyte 
membrane and its band 3 protein 
_ , Sialic acid 
P (n moles/mg protein) 
Normal Monkey Ghost 104.112 ± 0.7 
Schizont Infected Ghost 69.76 + 0.3 
Normal Monkey Erythrocyte 2.77 ± 0.02 
Band 3 
Schizont Infected erythrocyte 2.48 ± 0.10 
Band 3 
Values are means of 3 determinations ± SE 
Fig. 31 : Extractability of proteins from monkey (A) 
and human (B) erythrocyte ghosts with Triton 
X-100 (o- o) and C^ Eg (• •) . 
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Fig. 32 : SDS - polyacrylamide gel electrophoresis patterns 
showing the purified band 3 after [[P-(chloro-
mercuri) benzamido] ethyl] agarose 4B affinity 
chromatography. 
A - Purified form of monkey erythrocyte band 3 
(schizont-infected) 
B - Purified form of normal monkey erythrocyte 
band 3. 
C - Schizont-infected monkey erythrocyte membranes, 
D - Normal monkey erythrocyte membranes. 
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with P. knowlesi; though , the total sialic acid content 
of the infected erythrocyte membranes was found to be 
altered, as shown in Table 6. 
The state of association of infected erythrocyte 
membrane band 3 in Triton X-100 was examined by polyacry-
lamide gradient gel electrophoresis. The results apparent-
ly demonstrate that band 3 from monkey erythrocyte consist-
ed of three major molecular species, viz; oligomer, tetramer 
and dimer (Fig. 33). No change was observed in the state 
of association of band 3 from schizont-infected erythro-
cytes. When the above gels were electrophoresed in the 
second dimension, the tetrameric form showed little tendency 
to form monomers but the dimeric and oligomeric forms 
dissociated into monomers (Fig. 34). 
Neutral sugar in P. knowlesi-infected erythrocyte membranes 
and in purified band 3; 
Neutral sugar was detected in normal and P. knowlesi 
infected membranes. Table (7) shows that schizont-infected 
membranes have a decreased content of neutral sugar. 
The total neutral sugar content of purified band 3 from 
infected erythrocytes was found to be altered. 
Fluorescence measurements on the host erythrocyte band 3: 
The information regarding the environment of the 
tryptophan side chains can be obtained from the fluorescence 
spectra, since the wavelength at the maximum fluorescence 
of the indole fluorophore depends upon the solvent polarity 
(228). The fluorescence spectra of normal and schizont 
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Table 7 : Neutral sugar content in infected erythrocyte 
membrane and its band 3 protein 
Neutral sugar/mg 
Protein 
Normal Monkey Ghost 34.7115 + 0.43 
Schizont Infected Ghost 29.56113+ 1.73 
Purified Normal Band 3 21.6354 ±2.09 
Purified Schizont Band 3 19.985 ±2.09 
Values are mean of 3 determinations ± SE 
Fig. 33 : Triton X-100-polyacrylamide gradient gel electro-
phoresis of purified host monkey band 3. 
A - Schizont-infected erythrocyte band 3. 
B & C - Normal erythrocyte band 3. 
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Fig. 34 : Analysis of protein composition in affinity 
purified host monkey band 3 (normal and schi-
zont-infected) by SDS-polyacrylamide gel electro-
phoresis after native gel electrophoresis of 
band 3 in Triton X-100. 
Lanes A. and A, contain normal and schizont-
infected menibruiies. 
Lane B. and B contain native polyacrylamide 
gel strips of electrophoresed band 3 from normal 
and schizont-infected membranes. 
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Fig. 35 : Fluorescence spectra of freshly prepared normal 
and schizont-infected band 3. Sample solutions 
in 0.1% Triton X-100, 50 mM NaCl, 5 mM Tris-HCl, 
2 mM NaN^ pH 7.4, had an identical absorbance 
value at 275 nm. 
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infected erythrocyte band 3 is shown in Fig. 35. There 
was no difference between the emission maxima of normal 
erythrocyte and infected erythrocyte band 3 proteins. 
However, the fluorescence intensity in case of parasitized 
erythrocyte band 3 was found to be slightly greater ( 
8%) than that observed for normal erythrocyte band 3, 
indicating that the tryptophanyl residues in the parasitized 
erythrocyte band 3 protein are probably located in a more 
hydrophobic environment. 
Amino acid analysis of purified band 3; 
The amino acid analysis on purified monkey erythrocyte 
band 3 was also performed and the results are shown in 
Table 8. As shown in Table 8, monkey erythrocyte band 
3 contains more basic amino acid^, as compared to human 
erythrocyte band 3. However, the proportion of hydrophobic 
amino acid residues was found to be lower in monkey band 
3 when compared with the human erythrocyte band 3. 
Table 8 : Amino acid analysis of band 3 
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Human (Fukuda & Lukacovic ) Monkey 
basic 
Lys 
His 
Arg 
3.6 
2,3 
5.3 
3.3 
1.9 
5.4 
6.70 
2.31 
3.80 
1 1 .2 10.6 12.81 
acidic 
Asp 
Glu 
neutral 
Thr 
Ser 
Pro 
Gly 
Ala 
Cys 
hydrophobic 
Val 
Met 
lie 
Leu 
Tyr 
Phe 
Tryp 
6.9 
11 .2 
18.1 
5.2 
7.4 
5.6 
7.5 
7.1 
— 
32.8 
6.8 
3.2 
4.5 
14.4 
2.9 
5.8 
-
47.6 
6.8 
12.4 
19.2 
4.9 
6.4 
6.7 
7.5 
7.2 
— 
32.7 
7.4 
2.2 
4.6 
15.2 
2.4 
5.6 
— 
37.4 
5.85 
7.75 
13.60 
5.27 
7.05 
4.35 
12.45 
6.87 
— 
35.99 
6. 15 
0.67 
4.27 
9.65 
1.57 
3.97 
-
26.28 
Fukuda et al (241 ) , b Lukacovic et al (229) 
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DISCUSSION; 
Several investigators have shown that membrane glyco-
proteins are degraded/modified in erythrocytes upon their 
infection with malarial parasite (157, 160, 166). Also, 
the parasitophorous vacuole membrane and the point of 
parasite attachment with the host erythrocyte membrane 
have been reported to lack both integral and skeletal 
proteins (192, 235). The present study, however, indicate 
that the major erythrocyte membrane integral protein is 
not much altered by the malarial infection. 
Besides band 3, no apparent change was observed 
also in the PAS-staining proteins of the erythrocyte mem-
brane after the infection. This is in variance to the 
observations of Yuthavong £t aJ (157), Konig and Mirtch 
(160) and Trigg et a]^ (166), who observed signfleant changes 
in the infected erythrocyte membrane PAS-staining proteins, 
as compared to the normal erythrocyte membrane. This 
difference is probably due to the fact that these investi-
gators did not exercise any precaution to control proteo-
lysis during membrane preparation. 
That band 3 is not altered and degraded in the P. 
knowlesi-infected red cells was also confirmed by immuno-
chemical analysis. Antibodies were raised to cytoplasmic 
domain of band 3, which was isolated from normal monkey 
red cells. The antisera to this domain was used to identify 
the proteins related to band 3, if any, by crossed Immuno-
electrophoresis. Results of these studies revealed that 
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antiband 3 antibodies apart from reacting with band 3, 
also react with one more protein which on SDS-polyacrylamide 
gel runs in the region of protein 4-9. This could be 
explained in two ways: (i) protein 4.9 may have some cross-
reactivity with anti band 3 antibodies, or (ii) there 
could be some uncontrolled proteolysis of band 3 protein 
during membrane preparation. 
Band 3 was purified ( > 98%) by the known method 
of Lukacovic et aJ^  (229) and the state of its association 
was studied in the parasitized erythrocytes using non 
ionic detergents. Gel electrophoresis, under nondenaturing 
conditions, of purified host erythrocyte band 3 show that 
this protein exists in the oligomeric, tetrameric and 
dimeric forms in Triton X-100. No apparent change in 
the state of band 3 association was observed in the schizont 
infected cells. This observation indicates that inspite 
of the clustering of intermembranous particles (IMP) (236) 
and increased lateral mobility of IMP, the state of band 
3 association seems unaltered in the parasitiz ed erythro-
cytes. These results also suggest that monkey erythrocyte 
band 3 protein exists in the oligomeric, tetrameric and 
dimeric forms in Triton X-100. This is different than 
that observed with human erythrocyte, where band 3 protein 
has been shown to remain primarily in the dimeric state 
in Triton X-100 (237). 
A decrease was observed in the neutral sugar and 
sialic acid content of both the host erythrocyte membrane 
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and band 3 protein. This observation is consistent with 
the findings of Sherman and Jones (162), but it is in 
variance to the observation of Howard et aJ (238). 
The cell surface sialic acid levels may play a role 
in determination of the red cell survival in the circula-
tion, as neuraminidase treatment of red cells has been 
reported to markedly decrease the survival times (239, 240). 
These cells are rapidly removed by the liver & spleen 
from the circulation. 
Purified band 3 was analyzed also for its amino 
acid content. The monkey erythrocyte band 3 protein appear-
ed to be less hydrophobic, as compared to human erythrocyte 
band 3 protein. 
This study thus clearly established that malarial 
infection of monkey erythrocyte does not lead to any appre-
ciable degradation/structural alteration of the band 3 
protein. Also, it showed that monkey band 3 protein is 
significantly different than the human band 3 protein 
in terms of both aminoacid composition and organization. 
S U M M A R Y 
126 
Malaria is caused in man and other vertebrates 
by protozoan parasites of the genus Plasmodium and trans-
mitted by the bite of infected mosquitoes. The malarial 
parpasite requires two hosts; a blood sucking mosquitoe, 
and a blood containing vertebrate. The development of 
the parasite in vertebrate host commences with invasion 
of parenchymal cells of the mammalian liver or the endo-
thelial cells of the bird by the sporozoite released into 
the blood stream, by an infected mosquito. These sporo-
zoites develop and differentiate into merozoite (exo-
erythrocytic schizogony), which are then released into 
the blood stream. These merozoites invade virgin red 
cells and undergo intracellular development through three 
stages viz. ring, trophozoite and zchizont. The released 
merozoites reinvade fresh virgin red cells and the cycle 
continues. 
To facilitate its entry and subsequent growth, 
the malarial parasite .produces distinct structural and 
functional changes in the host erythrocyte membrane. A 
knowledge of these parasite-induced changes at the molecu-
lar level is essential to our basic understanding of the 
host-parasite relationship. The main objective of the 
present study was therefore to analyse the malarial para-
site-induced structural changes in major peripheral and 
integral membrane proteins (viz. spectrin and band 3 pro-
tein) of the host erythrocyte. For this purpose, synchro-
nous infections of P. knowlesi were maintained in rhesus 
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monkeys. The parasitized erythrocytes were isolated from 
the infected blood using the standard procedures. 
The mature mammalian erythrocyte membrane is com-
posed of two major structural units, the membrane bilayer 
and the underlying meshwork of peripheral membrane pro-
teins, called membrane-associated cytoskeleton or membrane 
skeleton. The membrane bilayer is analogous to the fluid 
mosaic model of Singer and Nicolson and is formed from 
the lipid bilayer and integral membrane proteins. The 
lipid bilayer contains phospholipids and cholesterol as 
the major lipid constituents. 
Anion channel protein (band 3) and glycophorin 
are the two major integral proteins in the erythrocyte 
membrane. The band 3 protein has a molecular weight of 
about 95 kDa, and is involved in anion transport. The 
protein comprises of an intracellular N—terminal domain 
of about 4 0 kDa. The anion transport activity is however 
associated with the C-terminal part of the molecule. 
The second major class of erythrocyte membrane integral 
proteins includes the sialic acid-rich proteins, called 
glycophorins. These proteins can be visualized on SDS-poly-
acrylamide gel electrophoretograms only after Periodic 
acid Schiff's staining. There are atleast three types 
of glycophorins (viz. A, B, C or D) . Amongst these, glyco-
phorin A is the major sialoglycoprotein in erythrocyte 
membrane of a molecular weight of about 30-52 kDa. 
The erythrocyte membrane skeleton is formed from 
12 8 
three major proteins viz. bands 1 & 2 (spectrin), band 
5 (actin) and band 4.1 protein and several minor proteins. 
Amongst these, spectrin alone accounts for about 7S?Of 
the total protein mass. This protein is known to con-
sist of two identical subunits of molecular weight of 
about 2 40 and 22 0 kDa, and exist iji vivo as linear tetra-
mers and branched higher order oligomers. The skeleton 
network is formed by attachment of spectrin tetramers 
at their end to multiple junction points consisting of 
short actin filaments each containing of 2 0-30 actin mono-
mers. Participation of the band 4.1 polypeptide strength-
ens the binding of spectrin to F-actin. 
The membrane skeleton is associated with membrane 
bilayer primarily through band 2.1 and 4.1 proteins. Band 
2.1 is comprised of two structural domains, one having 
high affinity binding site on spectrin molecule and the 
other containing the binding site for the cytoplasmic 
part of the anion channel protein. Band 4.1, on one hand, 
is linked to the spectrin actin complex and on the other, 
to the cytoplasmic fragment of glycophorin. 
Membrane protein composition in P. knowlesi-infe-
cted erythrocyte was determined using Sodium-dodecylsulpha-
te (SDS) polyacrylamide gel electrophoresis. No signif-
icant change in the spectrin/band 3 ratio was observed 
in the infected erythrocyte at any stage of the parasite 
development. However, some new protein bands were observed 
in electrophoretograms of host cell membranes isolated 
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from infected erythrocyte. Earlier studies have speculated 
that these new polypeptides could represent the breakdown 
products of spectrin. However, no homology could be esta-
blished in the present work between the spectrin and these 
polypeptides using a variety of techniques, like SDS-poly-
acrylamide gel electrophoresis, crossed-immunoelectropho-
resis, and immunoblotting. 
Spectrin organization was analysed in P^. knowlesi-
infected monkey erythrocytes by measuring the tetramer-to-
dimer ratio in these cells as well as the tryptophan fluor-
escence in presence and absence of a water-soluble trypto-
phan quencher. The spectrin dimer-tetramer ratio was 
determined by native gel electrophoresis and gel permeation 
chromatography. The results of these studies revealed 
no change in the spectrin tetramer-dimer ratio after infect-
ing the cells with P. knowlesi. Also no change could 
be detected in the gross structural folding of spectrin, 
as the tryptophan fluorescence quenching pattern of the 
normal erythrocyte spectrin was similar to that observed 
with the infected erythrocyte spectrin. Besides this, 
the membrane bilayer-skeleton interactions seemed to remain 
unaffected in the host erythrocytes by the malarial infect-
ion, as no differences were observed between the extents 
of membrane skeleton extractability from the membranes 
of normal and infected erythrocytes. 
This study shows that the major membrane skeletal 
protein spectrin, is not altered in the infected red cells. 
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It may thus be speculated that the parasite employs some 
other mechanism than the spectrin degradation to fascilitate 
its entry and subsequent growth and development inside 
the red cells. Further, it appears that the intracellular 
parasite perhaps requires an intact cytoskeleton for its 
normal development and also to avoid the red cell destruct-
ion by the spleen. 
Numerous investigators have shown that red cell 
membrane glycoproteins are degraded and structurally modi-
fied in the £. knowlesi-infected erythrocytes. But these 
studies are a bit ambiguous and confusing as no precautions 
were exercised to avoid red cell membrane proteolysis 
during membrane preparation. The present study was there-
fore undertaken to examine the validity of these published 
results under very carefully controlled experimental condi-
tions. Unlike the earlier studies, no change was observed 
in any of the PAS-staining proteins of the host erythrocyte 
membrane during trophozoite or schizont stage of the infect-
ion. Also no structural change was detected in band 3 
protein by SDS-PAGE and cross-immunoelectrophoresis. 
The new protein bands seen in the electrophoretograms 
of the membranes of infected erythrocyte could thus be 
of parasite origin rather than the degradation products 
of the host erythrocyte membrane proteins. 
To further analyse the band 3 structure and organi-
zation, purified band 3 was subjected to native gel electro-
phoresis using the nonionic detergent, Triton X-100. Results 
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indicate that the host erythrocyte band 3 protein exists 
mainly in oligomeric, tetrameric and dimeric forms and 
no change is seen in the ratio of these forms after infect-
ing the cells with P. knowlesi. The sialic acid and sugar 
content of this protein is also not significantly altered 
after the infection. Besides, this work also establishes 
that monkey band 3 protein is significantly different 
than the human band 3 protein in terms of both amino acid 
composition and organization. 
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